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Visualizing dynamic phenomena by leveraging computer graphics and simulation 

is of increasing interest to society.  In the classroom, such dynamic visual modules can 

motivate students and give them a holistic view of a given event.   Industry practitioners 

and researchers also leverage such modules to aid in comprehending simulation results 

and communicating ideas. Current methods used to construct these customized views, 

however, are expensive.  Content experts must employ engineers to code the 

mathematical model that defines the dynamic behavior of the scenario. Engineers must 

then somehow visualize the output of the model.  These tasks are performed with 

engineering software tools or just pure computer programming.  This work is towards 

defining an interface and interaction model that will compress this engineering 

overhead, and thus narrow the user-interface gap between mathematical modeling and 

3D interactive visualization design and consumption. 

Interaction within the proposed interface centers on a visualization of a 3D 

semantic network, or ontology, in which domain concepts are represented by nodes and 

an edge between two nodes represents a semantic relationship between two concepts 

in the domain space.  To create custom modules, visual attributes can be added to 
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nodes within the semantic graph that point to graphical resources, or define dynamic 

behavior.  In this dissertation it is demonstrated that through interactions with this 

semantic graph, a designer can sculpt and annotate simulation models into meaningful 

interactive, animated visualizations that integrate 2D and 3D information to relay the 

dynamics of an event to an observer.  The theoretical interface and interaction 

techniques will be presented along with a case study visualization constructed using a 

prototypical implementation of the theory.



 

15 

CHAPTER 1 
INTRODUCTION 

Content experts leverage visualizations of simulated scenarios during a variety of 

academic and industrial endeavors.  For example, consider visualizations of plant 

growth (Tang et al., 2011) and human lung dynamics (Santhanam et al., 2008).  

Practitioners create visualizations to analyze and tune simulation models and 

communicate ideas to invested third parties (e.g., management, students).  

Visualizations of these types are often based on an underlying mathematical model that 

conforms to the modeling rules within a paradigm (e.g., the systems dynamics paradigm 

in ecology, the compartmental modeling paradigm in physiology). The creation of these 

customized visualization modules can be quite resource-intensive.  During creation, the 

content expert will create an abstract simulation model using the domain-modeling 

practices for which they are familiar.  In addition to defining dynamic behavior, the 

expert will often create a primitive pre-visualization or sketch of the envisioned graphics 

and user-interaction.  Engineers and computer graphics specialists will then realize this 

design with a variety of tools and approaches.  The engineer will need to map the 

abstract model into an engineering software paradigm (e.g., using Simulink or 

LabVIEW) to create an executable simulation.  After the simulation model is made 

executable, a graphics specialist will link the simulation output to visualization 

parameters (e.g., using scripts in a 3D modeling package or a graphics programming 

API) to create the desired animation when the simulation executes.  Someone will also 

be responsible for encoding the desired interaction including the ability to tweak 

simulation parameters in the interface and see the results in real-time.   
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Attempts have been made to compress the visualization construction pipeline 

through the creation of various simulation and visualization frameworks.  These 

frameworks, however, are lacking in options for visual output, require engineering 

training, or operate across multiple user-interfaces that employ different interface 

metaphors.  For example, in Simulink (2012), an industry leading model-based 

simulation platform, to link a 3D visualization with an executable simulation model, a 

user must (1) encode the simulation model within the Simulink graphical simulation 

modeling window, (2) build the virtual 3D scene in VRML editor window and (3) use a 

third connective interface to link visualization parameters to simulation variables.   An 

abstract sketch of this interaction model is shown in Figure 1-1.   

The motivation behind this work is to define an interaction model that shrinks the 

human-computer interface gap between simulation model-building and visualization 

construction activities while remaining general enough to be applied across different 

content modeling paradigms.  Ideally, such an interface would afford the content expert, 

who is not necessarily an engineer, the ability to sculpt interactive and expressive 3D 

visualizations with minimal technical training.  The interaction model proposed is 

structured around a semantic network, or ontology, which is graph-based encoding of 

knowledge understandable by a machine and a human (Berners-Lee et al., 2001).  It 

will be demonstrated how the ontological structure can be leveraged to meet user 

interface and interaction requirements of both the design and consumption of 

executable simulation models and their corresponding visualizations. 

This dissertation will present background in several applicable areas, the 

theoretical interface model and visualization design methodology, and a case-study built 
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using a prototypical implementation of the theory. The remainder of this chapter will 

explain the three foundational models that are synthesized in the proposed interaction 

theory, articulate the research question posed, and discuss the potential broader impact 

of this work. 

1.1 To “Model” 

The term “model” may be interpreted differently depending upon one’s 

background.  The definition of model most applicable to this research is "an economical 

physical surrogate so that we may employ different notations and metaphors as a way 

to increase our understanding of the phenomena being modeled" (Fishwick, 1995).  

Three core model types are encountered when constructing dynamic 3D visualizations: 

ontological, dynamic, and graphical.  To fully understand the interface synthesis this 

work aims to achieve, it is important these three base model types are well understood. 

1.1.1 Ontological Models 

The concept of ontology is phrased by Gruber (1993) as a “specification of a 

conceptualization.”  In a given field, an underlying set of semantics is always present.  

For example, the field of psychology contains the sub-field cognitive psychology, which 

contains the paradigm information processing, which was first described by the person 

Donald Broadbent in the year 1958.  With proper attention to detail, ontological models 

can be constructed and used to formalize these concepts and semantic relationships 

into a format which is understandable by humans and machines (Woods, 1975).  The 

ontological spectrum, shown in Figure 1-2, was defined by Daconta et al. (2003) to 

highlight the relationship between the expressive power of a knowledge model and the 

cost of creating and maintaining it. 
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An ontology can be represented mathematically as a graph, with nodes 

representing concepts in a domain and edges representing relationships between 

concepts.   Figure 1-3 shows a visualization of a portion of the foundational model of 

human anatomy ontology (FMHAO) (Rosse and Mejino, 2007).  The portion shown 

pertains to the human heart, and the concept Human body serves as the root of the 

ontology.  The Human Body has a Cardiovascular System, which, in turn, has a Heart.  

Notice also the relationships denoting dynamics (i.e., blood circulation), such as has 

arterial supply.  An ontology is sometimes referred to as a “semantic network” or 

“semantic web,” a term popularized by Berners-Lee et al. in 2001. 

1.1.2 Dynamic Models 

Dynamic models are used to recreate or further understand the dynamics of 

phenomena.  Due to their abstract nature, they can also serve as blueprints for the 

design of simulation and visualization applications.  The compartmental model is a 

specific type of a dynamic model and will be used in the exploration of this thesis.  

Compartmental models represent systems which can be abstracted into interconnected 

compartments containing some substance (e.g., fluid).  The levels of substance at each 

compartment are typically governed by a set of differential equations. For instance, 

Beneken (1965) created a compartmental model for cardiovascular physiology. The 

model, shown in Figure 1-4, is composed of compartments (e.g., left atrium, pulmonary 

arteries) which are typically drawn out as circles. Directed edges, drawn as lines with 

arrows, connect the compartments and represent the flow of blood.  This physiological 

model is explored further in Chapter 4. 
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1.1.3 Graphical Models 

A graphical model is a machine understandable abstraction of an entity’s visual 

attributes.  Graphical models are used in a variety of applications, from visual effects in 

film to computer-aided design in engineering. Many tools exist to create and edit this 

model type, such as the 3D modeling package Blender (Blender3D, 2010).  Graphical 

models consist of material information (e.g., color, reflectivity) and a geometric model 

composed of vertices, edges and faces.  The information contained within a graphical 

model should be sufficient to create a render (i.e., a 2D image created using the model 

as input) from a given perspective.  Three representations of graphical models are 

explored in Figure 1-5. 

1.2 Thesis Statement 

Thesis statement: A three-dimensional visualization of the domain-ontology can 

serve as a central user interface structure to connect simulation modeling and 

visualization construction activities and allows domain-specific semantics to guide the 

interactive modeling process. 

I believe exploring the interface defined in this thesis will ultimately result in new 

interaction techniques that will allow experts to leverage their preexisting domain 

modeling knowledge to create interactive 3D visualizations of dynamic processes.  The 

resulting visualizations would synthesize ontological models, dynamic models, and 

graphical models.  These visualizations have many uses, including the analysis of 

simulation results and education.   The “domain-specific semantics” refer to the 

modeling semantics used by practitioners in a given domain.  Modeling semantics 

include domain specific terminology and the graphical properties of visual simulation 

models (Zeigler et al., 2000).  To support this thesis statement, an ontology-based 
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interaction theory will be defined and this theory will be situated within a framework that 

defines a complete simulation-modeling and visualization construction tool. 

1.3 Contributions 

This dissertation provides two primary contributions to the field of modeling and 

simulation.  Both contributions pertain to the visualization of simulation model output.   

Contribution 1: The definition of a domain-ontology-based interaction model to 

connect simulation modeling to visualization construction activities.  Current simulation 

modeling tools allow users to build visualizations controlled to varying degrees by 

simulation output.  However, visualization design features in these tools are tacked-on 

in separate interface modalities and require custom coding for any advanced visual 

output (e.g., mesh deformations, particle systems).  There is current work on creating 

advanced visualization design systems with “easy-to-use” interfaces, but this work is 

focused within the InfoVis community and is based on data, not simulation models, and 

often does not utilize 3D graphics.  The ontology-based interaction model and 

framework presented this dissertation: (1) serves as a first step towards unifying 

simulation modeling and 3D visualization construction at the graphical user interface 

level, and (2) leverages semantics familiar to the arbitrary domain practitioner so that 

simulation models will not have to be translated to the general engineering modeling 

paradigm used in current tools and (3) in contrast to current applications of ontologies, 

demonstrates how the 3D visualized ontologic structure can serve as a virtual 

instrument to guide user interactions. 

Contribution 2: The definition of the technical framework required to implement 

the interaction model.  The interaction theory from Contribution 1 is an essential 

requirement for integrated simulation and visualization tools, but it is not enough on its 
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own to build the envisioned system.  The system can only be built after the interaction 

model is placed within a complete framework.  A theoretical framework is described in 

this dissertation and implementation details, surfaced through the coding of a case 

study, inform the requirements of the framework. 

 1.4 Broader Impact  

 If the framework outlined in this dissertation is employed, the broadest potential 

benefit is the creation of general user-interface that affords simulation and visualization 

construction and consumption activities to practitioners in various domains, and makes 

the construction process more efficient for engineers that use current methods (see 

Section 2.4).  This applies to any domain in which 3D visualizations are leveraged.  I 

believe the particular domain of education, however, could benefit in specific ways that 

are detailed in the remainder of this section. 

1.4.1 Education 

There are benefits in using 3D visualizations to help educate someone about a 

spatial arrangement (e.g., anatomy) or process (e.g., the pumping of oxygen through 

the body).  For studies on how 3D visualizations can be beneficial in an educational 

setting, see the work by Prinz et al., (2010); Beermann et al., (2010); Quarles et al., 

(2008); or Silén et al., (2008). Collectively, these studies demonstrate the breadth of 

potential visualization applications in education.  There are several educational 

concepts I would like to explore further, and in doing so highlight how the ontology-

centered framework could provide some foundational technology to support these 

concepts.  The educational concepts are systems thinking, constructivism, and 

scaffolding.   A high-level description of how the proposed theoretical framework could 
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be leveraged to support these concepts is provided in the following sections along with 

an overview of the respective concept.  

1.4.1.1 Systems Thinking 

The abstract models that drive the visualizations may be leveraged as an 

educational affordance.  This is in-line with systems thinking, a concept that has 

experienced a recent proliferation in education.  Systems thinking is the practice of 

viewing a system as a set of components and interrelations which influence the 

system’s behavior as a whole (Weinberg, 2001).  Courses on system modeling are 

becoming part of curricula in fields such as ecology (Jørgensen et al., 2007) and biology 

(Klipp et al., 2009).  In physiology, an area used in a case study for this research, there 

is a push to emphasize general models when teaching instead of presenting topics as 

“a series of unrelated phenomena” (Modell, 2000).   

Different ways in which to emphasize models in the physiology class room have 

been explored.  One example is an educational software package created by Rothe and 

Gersting (2002) which contains a minimal-complexity compartmental model for 

cardiovascular circulation. The model drives a simulation and is visualized with the 

simulation output for the student’s edification.  While there were issues with the usability 

(some of which have been addressed in revisions), 75% of first-year medical students 

who used the package reported that their understanding of circulation was improved.  

Another example is a physical respiration model created by Kuebler et al. (2007) for use 

in a physiology lab course.  Of the students that participated in the course, 70% 

reported the interactive teaching afforded by the model increased their understanding of 

respiratory mechanics.   
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 The proposed ontology-centered framework could enable new educational 

software that falls within the systems thinking paradigm.  This could be achieved by 

creating 3D visualizations that are co-located with the abstract dynamic models that 

drive them.  In the proposed framework, these dynamic models are encapsulated within 

the visualized ontology because they are utilized in the design phase and are, therefore, 

readily available to be shown in any resulting visualization module.  An interactive 3D 

visualization with this characteristic is presented as a case study in Chapter 4. 

1.4.1.2 Constructivism 

Others have integrated a model-based approach when teaching by employing the 

constructionism learning paradigm.  Constructionism is an extension of constructivism, 

a theory that states we learn by constructing knowledge models.  A core principle of 

constructionism is that the construction of these knowledge models may be aptly 

facilitated by building tangible things in the real-world (Papert and Harel, 1991).  

Aldridge (2009) applied this theory when teaching a course on the physiology of 

congenital heart defects by having his students build physical models of defects out of 

materials such as Play-Dough, cardboard and Styrofoam.  Students often claimed the 

model-building exercise increased their understanding of the pathology in question.   

Because one intention of the proposed framework is to support visualization 

design based more on domain knowledge and less on engineering knowledge, students 

could potentially use the resulting tool to build animated visualizations of dynamic 

processes, such as the heart defects explored by Aldridge, and thus take part in a 

constructivist learning exercise.   
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1.4.1.3 Scaffolding 

Scaffold learning is the process of providing educational guidance proportional to 

one’s competence (Vygotsky, 1978).  With interactive computer-based scaffold learning 

tools, supplemental information fades from the interface as the user’s understanding of 

the subject grows (Jackson et al., 1998; Oliver and Herrington, 2003).  Scaffolding is 

known by many in education and psychology to be an effective teaching strategy 

(Roehler and Cantlon, 1997).   For quantitative study results on the efficacy of 

scaffolding see, for example, Toth (2000) or Chang et al. (2002). 

In the proposed framework, content embedded in the visualized domain-ontology 

(e.g., classification information, diagrams) is the supplemental information which could 

fade away as the students understanding grows.  This could be achieved by an 

educator setting the domain-ontology concepts and attributes that are to be displayed in 

a given module. 

1.4.2 Healthcare 

In healthcare, human error is one of the main causes of preventable deaths and 

injuries, as illuminated by the landmark report “To Err is Human” (Kohn et al., 1999).  

For example, a study showed that human error accounted for 82% of anesthesia-related 

preventable deaths (Cooper et al., 2002).   Since the release of “To Err is Human,” 

strides have been made to increase patient safety by reducing human error. However, 

there is still much need for improvement, especially in the area of training (Leape et al., 

2009).  One reason new training paradigms are being suggested is because some 

junior physicians feel they have had insufficient exposure to uncommon conditions and 

procedures before embarking on independent practice (Mason and Strike, 2003).  Some 

suggest a new medical training paradigm should integrate competency-based 
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knowledge with clinical skill and expose trainees to more uncommon conditions 

(Rodriguez-Paz et al., 2008).   

Consider a common source of human error: the administration of drugs to patients.  

Adverse drug effects (ADEs) are a primary reason patients die in a hospital (Bates et 

al., 1995).  As a result of the intricate and complex nature of the cardiovascular system, 

cardiovascular drugs are known to cause the most ADEs (Ebbesen et al., 2001).  Even 

more difficult for trainees to understand is the varying effects drugs and other medical 

interventions have on patients with abnormal circulatory physiology.  For example, 

hypoplastic left heart syndrome (HLHS) is a congenital heart defect in which some 

chambers of the heart fail to develop.  HLHS results in abnormalities of blood flow and 

oxygen delivery which have been identified by medical educators as difficult for learners 

to visualize and, therefore, understand. The ability to identify subtle differences between 

pathophysiological scenarios is critical because interventions that may be helpful in one 

scenario could be harmful in another (e.g., the administration of oxygen may be harmful 

to an infant with HLHS).  New training paradigms that integrate simulation with 

traditional teaching methods will help trainee physicians avoid making harmful errors 

because of their lack of understanding of a rare and complex pathophysiology.  

The ontology-centric methodology outlined in this dissertation could provide 

important technology to help address some of the needs of this newly proposed medical 

training paradigm. Starting with a visualized domain-ontology, such as one representing 

anatomy, medical educators should be able to construct a dynamic model, such as the 

Beneken (1965) model for cardiovascular physiology shown in Figure 1-4, and then 

create a 3D visualization of the physiological process by augmenting the visualized 
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ontology with attributes, such as 3D meshes.  The 3D interaction within the resulting 

integrative visualizations could expose medical trainees to more uncommon conditions 

and integrate their textbook knowledge of anatomy and physiology with interactive 3D 

renderings, potentially increasing their spatial understanding of the anatomy and 

physiology in question (Beermann et al., 2010).  
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Figure 1-1.  A sketch of the interface approach taken by Matlab’s Simulink to link 

simulation variables to visualization parameters.  The “connective” interface 
lists all possible visualization attributes and allows the user to choose which 
parameters can be influenced by the executing simulation model. 

 

Figure 1-2.  The ontological spectrum proposed by Daconta et al. (2003). 
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Figure 1-3.  A portion of the foundational model of human anatomy ontology (Rosse and 
Mejino, 2007). 

 

 

Figure 1-4. A dynamic compartmental model for cardiovascular physiology (Beneken, 
1965). 
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A B C 

Figure 1-5.  Different representations of graphical models. A) Text from an “.obj” file that 
lists the vertices of a mesh and connectivity information to form edges and faces. 
B) A visualization of the geometric model of the heart. C) A render created using 
the complete graphical model, with material information.
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CHAPTER 2 
BACKGROUND 

This research builds on previous work across several computer science sub-

domains.  In Section 2.1, background on ontologies, including those leveraged in 

simulation, is presented. In Section 2.2, background is given on visualization 

frameworks.  Integrative multimodeling can be applied to link these two areas in the 

user interface, and is described in Section 2.3.  Finally, Section 2.4 provides an 

overview of the state-of-the-art tools used in industry. 

2.1 Ontologies 

2.1.1 Ontologies: A Wide View 

“The Semantic Web,” the seminal 2001 Scientific American article, depicted a 

future of the Internet where reasoning is employed over vast ontologies, composed of 

classes and relationships, in the support of a more intelligent browsing and searching 

experience for users (Berners-Lee et al., 2001). A variety of new knowledge-based 

applications would also emerge.  It is over a decade later and the proliferation of the 

Semantic Web via such standards as the Resource Description Framework (RDF) is 

debatable, but ontologies have still became useful in many ways.  In biological 

sciences, for instance, the Gene Ontology Project, created by a consortium of biological 

scientists to aid in the construction of a unified vocabulary across different biological 

domains, has been very successful and continues to grow (The Gene Ontology 

Consortium, 2000; The Gene Ontology Consortium, 2010).   Another example of an 

innovative use of ontologies is the “Port” ontology (Liang and Paredis, 2003) which 

defines how mechanical components of systems fit together to automate engineering 

model composition.  
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The increasing adoption of ontologies may be attributed in part to the graphical 

tools which have been developed for creating and editing them.  Perhaps the most 

prolific of these tools is Protégé, which was developed at Stanford and maintains an 

active community of thousands of users.  Protégé allows users to create 

knowledgebases with a hierarchical class structure and supports adding relationships 

between classes (Noy et al., 2001). It also allows users to view their knowledgebases in 

several graphical layouts, including a frames-based view and a graph-based view of 

classes and attributes.  After the substantial adoption of Protégé by practitioners in a 

variety of fields, the Web Ontology Language (OWL) plug-in was developed (Knublauch 

et al., 2004).  The plug-in adds support for creating and editing ontologies encoded in 

the OWL and support for reasoning using description logics. Reasoning functions 

supported by OWL include consistency checking (i.e., determining if a class could be 

instanced), and classification (i.e., determining a conceptual hierarchy among classes).  

Figure 2-1 shows a screen shot of the Protégé loaded with an ontology representing a 

newspaper. 

2.1.2 Ontology Visualization 

The concept of the Semantic Web propagated through the computer science 

community, which prompted some researchers to explore the visualization potential of 

the Semantic Web’s underlying ontological structure.  Van Harmelen et al. (2001) were 

some of the first to demonstrate the expressive potential of a visualized ontology.  They 

created an ontology visualization representing the Dutch job market by employing an 

augmented version of the spring-force graph visualization technique (Eades, 1984) in 

which spring-force values are mapped to semantic relationships resulting in 

semantically similar concepts being visualized near each other.  Currently, Protégé 
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provides some mechanisms for 2D graph-based visualizations of the ontologic 

structure. TGViz Tab (Alani, 2003) is a Protégé plug-in which leverages TouchGraph 

technology built with Java (TouchGraph, 2010). 

 Due to the shortcomings of the 2D layout (e.g., clutter, overlapping), some began 

exploring visualizing ontologies in three dimensions.  OntoSphere3D (Bosca and 

Bonino, 2006) allows users to browse a dynamic yet fixed-height 3D tree and click on 

nodes to “zoom-in” and change the level-of-detail.  At the “root” of the ontology, 

concepts are visualized on a sphere which the user may rotate to see the big picture 

and deduce what the ontology is “about.”  Another example is the work done by Butain 

(2008), where semantic search results are visualized in 3D.  Attributes of a semantic 

search “hit” are arranged in a radial fashion about the result.  Conversely, the hierarchy 

of which the result is a member is arranged vertically.   For more approaches to 2D and 

3D visualization of ontologies, see the survey performed by Katifori et al. (2007). 

One final visualization effort worth mentioning is the Intelligent 3D Visualization 

Platform (I3DVP) created by Kalogerakis et al. (2006). They defined a methodology and 

constructed a platform that facilitated the merger of an ontology for graphics primitives 

with an arbitrary domain ontology.  Part of their motivation was to provide more visual 

results when performing Semantic Web enabled functions, such as semantic search.  

As a demonstration of the methodology, ontology-based graphical representations were 

merged with a portion of the Gene Ontology.  I3DVP also supports visualization-based 

queries (e.g., “find all things represented by a sphere”) and partial visualization 

automation (e.g., “all sub-classes of a given type should be represented by a sphere”). 
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2.1.3 Ontologies in Simulation 

The work of Tolk and Turnitsa (2007) provides a suitable introduction to the idea of 

applying ontological means to the field of modeling and simulation. They focus on the 

theory of applying different parts of the ontological spectrum (Daconta et al., 2003), 

shown in Figure 1-3, to challenges in the field.  These challenges include the formal 

definition of agreed-upon simulation concepts and primitives, multi-resolution modeling, 

the creation of a universal language in support of simulation-system composability and 

execution, and the automation of simulation application development.   Various 

research efforts address these issues and are described later in this section. 

The Semantic Web was described by visionaries in the infancy of semantics-

based application development and representations. Much in the same vein, Tolk 

(2006) describes the “Dynamic Web” as an extension of the Semantic Web that 

functions as a “web of composable services.”  He outlines the fundamental 

requirements for the Dynamic Web: (1) services must provide a self-description in a 

standardized format; (2) services must be searchable based on their functionality; (3) 

Communication with the services must be possible; (4) services must be able to be 

initiated with data; and (5) services must be able to exchange data with other services.  

The remainder of this section is dedicated to highlighting research efforts that utilize 

ontologies in different ways to benefit the field of modeling and simulation.  

2.1.3.1 Ontologies to define simulation concepts 

The Discrete-event Modeling Ontology (DeMO) was created as a prototype 

ontology for modeling and simulation (Miller et al., 2004).  DeMO was built using the 

OWL plug-in for Protégé.  The ontology contains three top-level classes: 

DiscreteEventModel, ModelComponent, and ModelMechanism.  Under these three 
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base classes is a collection of subclasses representing the necessary concepts within 

discrete-event modeling.  For instance, two subclasses of DiscreteEventModel (the  

“DeModel” shown in Figure 2-2) are State-OrientedModel and Event-OrientedModel.  

ModelComponent has corresponding subclasses such as state and event.  The authors 

of DeMO concede that the classes such as state and event are fundamental concepts 

and will require further formal specifications which are implementation-specific for a 

given simulation environment.  However, once users of DeMO provide these 

specifications for the "primitive" types, they can leverage the entire DeMO semantic 

network that is machine-understandable.  This will permit automation of certain areas of 

simulation application development. The decrease in application development time 

through inference and reuse of ontology components afforded by the use of DeMO is 

touted as a core offering of ontologies to the field of modeling and simulation (Lacy and 

Gerber, 2004). 

2.1.3.2 Ontologies for semantic web based simulation systems 

Proposals have been made to utilize web components and online knowledgebases 

as the foundation for new component-based simulation tools (Chandrasekaran et al., 

2002).   This approach is appealing because it allows simulation designers to choose 

from state-of-the-art components when building a simulation system.  An ontology could 

be utilized to organize the available components and allow sophisticated searching and 

semi-automation when piecing together a simulation system.  Chandrasekaran et al. 

also suggest the use of simulation and modeling ontologies, such as DeMO, to create 

simulation components with a high level of interoperability.  JSIM (Miller et al., 1999) is 

suggested as web-based language to code the simulation components. Figure 2-3 

depicts the different simulation components needed in the Semantic Web.  Some are 
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entirely decoupled (e.g., databases and visualization tools) and others are coupled to 

varying degrees (e.g., animators and optimizers).  The completely decoupled modules 

will integrate into simulation systems well because internet throughput will have a 

minimal effect.  With smart design, however, the coupled modules could be also be 

integrated. 

2.1.3.3 Ontologies for environmental data representation 

Authors of the Synthetic Environment Data Representation Ontology (sedOnto) 

project aimed to create an ontology for synthetic environments based on the Synthetic 

Environment Data Representation and Interchange Specification (SEDRIS) (Bhatt et al., 

2004).   Synthetic environments (e.g., a virtual town square) have many applications in 

simulation (e.g., military simulations and vehicular piloting simulations).  SEDRIS (2012) 

provides a representation of environmental data and a loss-less, non-proprietary 

interchange format.   The latter makes SEDRIS a natural fit for ontological formalization.  

The sedOnto is created after the SEDRIS UML notation is mapped to an OWL ontology.  

The authors of sedOnto eventually supplemented their approach with a SEDRIS to 

OWL transform tool (STOWL) (Bhatt et al., 2005).  STOWL uses assertions to automate 

the transformation of a SEDRIS-defined Synthetic Environment into one defined in the 

OWL language using the Jena 2 Ontology API (Carroll et al., 2004).   The 

transformation process is illustrated in Figure 2-4, along with a snippet of the resulting 

sedOnto OWL file.  

2.1.3.4 Ontologies for model translation 

The Process Interaction Modeling Ontology for Discrete Event Simulation 

(PIMODES) was developed to support the open interchange of simulation models in 

commercial simulation software packages (Lacy, 2006; Silver et al., 2006).  PIMODES 
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is a vendor-neutral intermediate model format encoded in OWL.  The simulation 

software packages tested in the development of PIMODES were ARENA, 

ProcessModel, AnyLogic and ProModel.  The process interaction data structures of 

these software packages were studied and aided in creating “harmonized” concepts 

which were composed to develop the final ontology.  To demonstrate the potential of 

PIMODES, Lacy created a translator program.  The flow and function of this program is 

depicted in Figure 2-5.  Lacy’s work demonstrates the potential of ontologies to aid in 

the conversion between proprietary model formats.  During tests, however, translations 

did not always work flawlessly as some semantic information was lost due to lack of 

access to the inner workings of the commercial (closed-source) software packages. 

2.1.3.5 Ontologies to support re-use 

 As a lighter alternative to distributed simulation solutions, Bell et al. (2008) 

developed a framework for simulation model re-use that utilizes an inter-organizational 

semantic network.  The framework defines the ontology engineering process and the 

semantic search technology required to intelligently locate models.  All models are 

based on representations found in commercial off-the-shelf simulation packages 

(CSPs), such as Simul8.   

The ontology engineering process starts with the analysis of models created in 

CSPs .  This analysis leads to the creation of OWL ontology classes to represent the 

necessary simulation components, a process known as Component Typing.  These 

classes are then merged with DeMO.  Dependencies are determined between classes 

in DeMO and concepts in the domain.  The result is a simulation model ontology which 

contains domain specific knowledge of use to practitioners. This resulting ontology is 

termed the Discrete Event Simulation Component (DESC) ontology and is exported as 
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an OWL file and stored on a SEDI4G server. SEDI4G (Bell and Ludwig, 2005) is a 

research effort into grid-based systems for semantic discovery. 

A component discovery system is also defined as a semantic search program that 

intelligently traverses the SEDI4G server given a text string as input.  Results are 

returned to the searcher and the appropriate model can be selected.  In the software 

prototype developed, the models are downloadable to an XML file which can be 

imported into Simul8, but this approach could theoretically be used with any CSP.  A 

high-level view of the framework defined by Bell et al. is depicted in Figure 2-6.  

2.1.3.6 Ontologies to support frameworks 

Benjamin et al. (2006) identified distributed, federated simulation systems as being 

difficult to build and requiring a long development time.  Ontologies play an integral role 

in a framework which was developed to address these issues.  Benjamin et al. describe 

several ways in which an ontologically-centered design philosophy is beneficial to 

simulation model development.  Ontologies serve to harmonize terminology, promote a 

common knowledge and language, and help relate organizational goals to simulation 

goals.  They can also aid in model construction by clearly and unambiguously 

separating levels of abstraction and determining simulation model objects, structure, 

and logic.  Finally, they can help identify data sources and can inform data mining 

techniques by extracting semantics from textual descriptions. 

Ontologies can also be incorporated into the infrastructure required for distributed 

simulation systems.  This approach has several advantages.  Creating a simulation 

model ontology can provide a common language which can be used to share semantics 

between commercial simulation packages.  Ontologies can also be useful when 

constructing simulation systems composed of federated components by ensuring 
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component congruency and semantic interoperability. Additionally, support for multi-

resolution modeling (i.e., models representing the same phenomena but with different 

levels of detail) can be added to ontological representations.  With this support, rules 

can be applied to model ontologies; and models of different resolutions can be merged, 

or new hybrid models can be created from multiple models representing the same 

phenomena but in varying capacities.  

The ontology-centric design philosophy described in this section was applied to 

create the Framework for Adaptive Modeling and Ontology-driven Simulation (FAMOS) 

(Benjamin et al., 2005).  Modeling in FAMOS entails selecting and editing templates and 

composing models together from library components including ontologies for different 

domains and process models.  Simulation and domain ontologies can be utilized in 

FAMOS and it provides a Model Composition tool with a “visual programming” interface 

in support of the composition of distributed, federated simulations systems. Miller and 

Baramidze (2005) also noted the ability ontologies have for supporting multimodeling 

and multi-faceted reasoning to generate and interpret simulation results. 

2.1.3.7 Merging simulation ontologies with domain ontologies 

Of the previous applications of ontologies to simulation systems, the methodology 

proposed in this document is most akin to those which utilize domain-specific 

ontologies.  Silver et al. (2007) developed the ontology driven simulation (ODS) 

framework.  Their framework utilizes domain ontologies along with DeMO and consists 

of an ontology mapping tool, a model markup generator, and a simulation code 

generator.  The ontology mapping tool allows users to map classes of the domain 

ontology to classes in the simulation ontology.  Their design suite was demonstrated 

starting with the problem-oriented medical records ontology (PMRO) to build a clinical 
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simulation.  Examples of mappings in this scenario include mapping the class Patient in 

PMRO to the class Resource in DeMO, and mapping the class ClinicalExamination in 

PMRO to the class Activity in DeMO. 

After the domain ontology is aligned with the simulation ontology, an intermediate 

markup file can be generated that represents the simulation instance as either a Petri 

Net model or a process interaction model.  This intermediate markup file can then be 

translated into executable models that run in JSIM (Miller et al., 2000) or ARENA.  Silver 

et al. describe four main benefits of the ontology driven approach: (1) the use of a 

shared vocabulary facilitates good communication between modelers and end-users, 

(2) models created for different simulation packages using different simulation world 

views can be represented in a unified language, (3) models are encoded in a Semantic 

Web compatible language, thus supporting potential web-based model repositories and 

web-component-based simulation systems, and (4) model development can be sped up 

by allowing modelers to assemble models by using a set of predefined classes 

represented in the domain-specific and simulation ontologies. 

Together, these projects illuminate the roles ontologies have played in the field of 

modeling and simulation.  They are often used to formally define programmatic structure 

as a way to encourage simulators to speak the same language when coding systems.  

This supports interoperability and model composability.  Further, various levels of 

reasoning have been applied to simulation ontologies resulting in the partial automation 

of simulation application development.  Some also explored the use of domain 

ontologies for constructing simulation systems.    The methodology proposed in this 

document will compliment these previous efforts in utilizing ontologies in modeling and 
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simulation by manifesting the ontologies as 3D graphs within a visualization 

environment for authoring of simulation models and visualizations.  The 3D graphs can 

then be used as part of an integrative visualization or as an interface affordance.   

2.2 Visualization Frameworks 

Since researchers began to explore the potential of computer graphics, the 

visualization community has called for scientific visualization frameworks that would 

abstract low-level graphics manipulation and rendering functions away from the user, 

and would provide a more intuitive integration between data sources and visualization 

design features for domain practitioners (Treinish et al., 1992).  Some of the first 

attempts at creating such a theoretical framework were by Haarslev and Moller (1988), 

and Upson et al. (1989).  Since these seminal projects, much research has been 

dedicated to designing visualization frameworks that employ the increasing power of 

hardware and leverage our increasing understanding of what makes interaction 

techniques effective (Tory and Moller, 2004). This continued work has provided a set of 

visualization tools to those working in many scientific and engineering domains.  For the 

remainder of this section, select work towards creating visualization design systems is 

presented in chronological order. 

Visualization of Experimental Systems (Haarslev and Moller, 1988) – one of the 

first efforts in visual dataflow programming to take advantage of the mouse and 

keyboard.  This allowed users to directly manipulate dataflow graphs. The system was 

originally designed to support image processing techniques but was extended to allow 

construction of more general algorithms, and to allow visualization of their output. 

Application Visualization System (Upson et al., 1989) - a system oriented 

towards engineers and scientist who did not necessarily have experience in computer 
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programming.  Within the framework, a direct manipulation interface was employed to 

allow the user to construct dataflow networks that ultimately fed into one of the provided 

visualization types (e.g., voxel or iso-surface renderings).  There is a similar approach to 

visualization construction in many modern tools (see Section 2.4). 

Object-Oriented 3D Graphics Toolkit (Lucas et al., 1992) – a framework 

oriented towards visualization application programmers.  The framework allowed 

programmers to more efficiently develop visualizations by providing features such as a 

scene graph data structure to organize the scene’s graphics for rendering, direct 

manipulation interface functions, and code templates for 2D widgets. 

VISAGE (Schroder et al., 1992) – an object-oriented visualization design library.  

Objects were built in LYMB (Lorsen and Yamrom, 1989), an animation programming 

library coded in the C language.  A collection of visualization objects exist in the library 

(e.g., structured grids, unstructured point sets).  Each object in the library supported the 

notion of time, allowing a visualization designer to animation their representations. 

VISTA (Senay and Ignatius, 1994) – a knowledge-based system for visualization 

design.  Domain knowledge is mapped to visualization primitives (e.g., 3D scatter plot, 

shape, size).  Once a visualization is automatically generated based on input data, the 

designer may interactively modify the results to further suit their needs.  

The Visualization Toolkit (Schroeder et al., 1996) – a C++ library of visualization 

objects.  VTK is intended to be executed in a dataflow environment and can utilize a 

variety of rendering APIs that were prolific at the time of development (e.g., OpenGL, 

Sun’s XGL). 
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DSR Open Lab (Kolodnytsky and Kovalchuk, 2001) – an interactive visualization 

system with a focus on the graphical user-interface and usability.  The software used 

OpenGL to render a multitude of 2D and 3D histograms.  The user interface code was 

multi-threaded, permitting new levels of interactive graphical manipulation. 

Davis (Huh and Song, 2002) – a statistically-oriented Java based tool for creating 

advanced 2D data plots. Davis was unique at its time of release because it supported 

sophisticated statistical visualizations techniques (e.g., flipped empirical distributions, 

Grand Tours) through user-interface controls. 

The InfoViz Toolkit (Fekete, 2004) – a Java 3D-based code library that allows a 

programmer to easily encode traditional information visualization structures.  Data is 

obtained by importing tables with named columns.   

prefuse (Heer et al., 2005) – a robust java-based toolkit for creating information 

visualizations.  The toolkit provides classes to support typical information visualization 

tasks and renders visualization output using the Java2D API.  The creators of prefuse 

performed several user surveys and experiments that allowed them to identify issues 

with the toolkit design and vindicated perfuse as a useful tool for visualization 

constructions for those with Java programming experience. 

VIS-STAMP (Guo et al., 2006) – a visualization system for space-time and 

multivariate patterns. VIS-STAMP provides geovisual analytic tools with support for 

cartographic-based visualizations.  It also supports analysis of spatio-temporal patterns 

by employing self-organizing maps, parallel coordinate plots, recordable matrices, and 

recordable map matrices. 
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Hear And Now, Near At Hand (Hannah) (Einsfeld et al., 2007) – a 3D user 

interface to synthesize desperate data within a single view.  Instead of collecting data 

from databases or flat files, Hannah requires the input information to be encoded in an 

ontological format.  This allows Hannah to create more meaningful 3D visualizations 

that leverage additional semantics.  The creators of Hannah describe interaction within 

the system akin to those interaction techniques found in the 3D modeling packages, in 

that 3D objects within visualizations can be scaled, rotated, and translated using direct 

manipulation.   

ManyEyes (Viégas et al., 2007) – a website that allows visitors to create 

visualizations of uploaded data.  There is also a social component to ManyEyes, where 

users can view and comment on other’s data visualizations. 

Web Data to Visualization (Gilson et al., 2008) – an experimental framework 

whereby  webpages are mapped to domain ontologies (e.g., an ontology for music sales 

charts), which is in turn mapped to a ontology of visualization concepts.  The OMEN 

(Mitra et al., 2005) ontology mapper is used to organize meta-level information and map 

the semantics across the different paradigms.   

Protoviz (Bostock and Heer, 2009) – a toolkit written in Javascript that allows 

visualization designers to leverage a set of preexisting graphical primitives to create 

data-based visualizations.  Protoviz provides support for rendering in HTML 5, SVG and 

Flash.  Protovis serves as the core of the collaborative web-based visualization design  

tool, ProtoViewer. 

Graphical Interface Construction Kit (GiCK)  (Singh and Sivaswamy, 2010)  – 

an interface construction tool that allowed novice users to create user-interfaces for 
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simulation systems.  The interface is specified in an XML file and then parsed and 

created by GiCK.   

Behaviorism (Forbes et al., 2010) – a Java/OpenGL based framework for 

creating 2D and 3D visualizations.  Users of the framework create visualizations by 

designing around three graph structures: the data graphs that define data sources, the 

scene graph that defines graphical resources and their transformations, and the timing 

graph which is composed of ‘behaviors’ which are scheduled events that affect the 

visualization scene.  A collection of interactive visualizations were created with 

behaviorism that demonstrate the versatility of the approach. 

EditFlow (Benzaken et al., 2011) – One of the first information visualization 

frameworks built on top of a database management system (DBMS).  The DBMS 

supports strong scalability and persistence across multiple users, features not inherently 

present in frameworks that operate by loading all required visualization data in-memory. 

2.3 Integrative Multimodeling 

Fishwick (2004) presented the challenge of integrative multimodeling, which 

requires using multimodels and adhering to new HCI criteria which did not traditionally 

apply to simulation.  Most models of use are multimodels since individual model types 

are often only able to represent a subset of a system’s behavior. Integrative 

multimodeling calls for a closer linkage between the abstract model and the phenomena 

which it represents. One way to achieve this is to graphically represent the abstract 

model and phenomena within one cohesive interface and allow user interactions on 

both the abstract and concrete graphical representations. This new modeling technique 

also has four main HCI requirements: usability, emotion (by means of connotation), 

immersion, and customization. 
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2.3.1 An Integrative Model-Blending Environment 

An early application of the principles of integrative multimodeling is the work done 

by Park and Fishwick (2005). A framework was created that allowed for the integration 

of different model types within a 3D simulation environment. Dynamic, interaction, 

ontological, and geometric model types were included. The framework provides a Model 

Explorer for dynamic modeling and an Ontology Explorer with OWL integration so users 

can create OWL classes and subclasses. The framework runs inside of Blender 

(Blender3D, 2012) and requires the RUBE simulation library (Hopkins and Fishwick, 

2001) to build dynamic models and execute simulations. Users can create geometry 

using Blender or import pre-existing meshes. Dynamic model components (e.g., blocks 

within a Functional Block Model) can be selected from RUBE and associated with 

geometry in the scene. Using Blender Game Engine functionality, an interaction model 

can be created and linked with geometry. Shim and Fishwick (2008) demonstrated the 

use of integrative multimodeling by co-locating a system dynamics model for ecological 

phenomena and behavior. 

2.3.2 The Augmented Anesthesia Machine  

A recent attempt to apply integrative multi-modeling to anesthesia training has 

been successful by employing mixed reality. Quarles et al. (2008) created a mixed 

reality training tool that co-locates abstract models used to teach anesthesia machine 

operation with the components on the physical anesthesia machine. The tool, known as 

the Augmented Anesthesia Machine (AAM), uses a “magic lens” interface that employs 

a tracked tablet PC which serves as a window into the real world.  The tablet is tracked 

with six degrees-of-freedom using infrared cameras and small reflective objects.  Users 

hold the tablet PC in front of the physical anesthesia machine and see a 3D rendering of 
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the machine on the display from the perspective of the tablet. On top of this 3D 

rendering, the abstract model is visualized using iconography, and color-coded particle 

systems are used to visualize invisible gas flow within the machine. 

User studies were performed that compared the AAM to traditional training 

methods (e.g., using only an instruction manual and the anesthesia machine) and web-

applets which used abstract visualizations (Fischler et al., 2008). The results of the 

study showed that the AAM was most successful at bridging the gap between abstract 

and concrete knowledge, thus proving the approach is a potentially viable educational 

technique which should be explored further. The author of the AAM points toward the 

use of ontologies as a way to define a theoretical framework for such mixed-reality 

systems (Quarles, 2009). 

I view the proposed methodology as a natural evolution of the work done by 

Quarles et al. (2008). The methodology will provide a theoretical foundation for software 

tools such as the AAM. By using domain ontologies (e.g., an ontology for anesthesia 

equipment) as the starting point for dynamic model building and visualization 

construction, users will not have to hard code visualization solutions. 

2.4 Simulation and Visualization Design in Practice 

This section is dedicated to providing a brief overview of the state-of-the-art for 

simulation-based visualization design.  This includes existing technology that provides 

some sort of interface to visualization functions that can be used create to reasonably 

sophisticated visualizations based on collected real-world data or simulation output.  

These technologies range from pure graphics programming to purely graphical user-

interfaces for non-programmers. 
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2.4.1 Graphics Programming 

Graphics programming is the most powerful and customizable way to create 

visualizations.  Graphics programmers leverage low-level APIs such as OpenGL or 

DirectX, or higher-level programming environments such as OGRE.  When employing 

graphics programming for visualization design, simulation models that drive the 

visualization can be coded in a separate package or along with the graphics in the same 

code base. An example of employing graphics programming is the detailed, segmented 

cardiac visualization coded in OpenGL (Wang et al., 2011).  Tools that abstract away 

graphics programming from the end visualization designer (including the goal of this 

work) still must build upon some graphics API provide the visual output to the user.   

A limitation of the pure graphics programming approach is that it, of course, 

requires programming aptitude which practitioners operating in most domains do not 

possess.   In some cases graphics programming is even overkill for those with 

programming expertise and in this case the designer will choose to use one of the 

visualization design tools listed in the following sections. 

2.4.2 Engineering Simulation Tools with Visualization Add-ons 

I classify engineering simulation tools as tools that provide a graphical user 

interface to advanced mathematical modeling. Examples of such tools are Simulink, 

LabVIEW, and Ptolemy.  The Simulink method of creating visualizations based on the 

encoded mathematical model was described in Chapter 1 and depicted in Figure 1-1.  

LabVIEW provides an interface similar to Simulink for mathematical modeling, but 

integrates 3D visualization differently.  Within LabVIEW, 3D visualization objects, known 

as SceneObjects, are represented as blocks and can be connected to the greater 

mathematical model on the LabVIEW canvas (National Instruments, 2008).  OpenGL is 
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the underlying graphics technology used in LabVIEW to render SceneObjects.  

Transform nodes can be added to the canvas and used to link simulation variables to 

graphical parameters.  Visualization output (all of the SceneObjects) are rendered in a 

3DPicutreControl window when the simulation model is executed.  LabVIEW also 

provides extensions for graphics programmers to code custom visualization objects to 

be utilized in comprehending simulation output. 

Ptolemy, a Java-based simulation platform for simulation modeling and execution, 

operates in a manner similar to LabVIEW.  The focus of Ptolemy, however, is more on 

merging heterogeneous model types within a single modeling environment (Lee and 

Seshia, 2011).  With regards to visualization, Ptolemy leverages transformation objects 

that may be placed on the Ptolemy canvas (this is similar to LabVIEW).  These 

transformation objects may be chained together to create a final composite transform 

that can be based on simulation output to varying degrees.  An example of this is shown 

in Figure 2-7.  A basic simulation of orbital dynamics between the Sun, Moon and Earth 

was created in Ptolemy and visualized with 3D shapes that Ptolemy provides (spheres 

in this case).  The portion of the model shown in the figure pertains solely to the 

graphical output; simulation calculations are performed at a different level of the model. 

2.4.3 Game Engines and 3D Modeling Packages 

Game engines are software tools that enable designers to create interactive virtual 

environments with a focus on customizable graphical presentation and diverse user 

input.  Examples include The Unreal Engine, the Source Engine, and Unity3D (Petridis 

et al., 2012).  Similar to simulation packages, each game engine requires users to learn 

the specific modeling paradigm defined within the engine.  Often a game engine will 

support scripting in some pre-existing programming language.  Using such tools can be 
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viewed as engineering practice because any content modeling performed will need to 

be translated through the game engines modeling paradigm and script will potentially 

need to be coded.  Certain engine designers are aiming for ways to open their 

technology to practitioners in domains outside of engineering and computer science, but 

the current state of the art still requires substantial engineering effort (Thiriet et al., 

2011).   

Modern 3D modeling packages are similar to game engines in that they provide 

3D rendering capabilities and often include scripting features for the creation of 

customized plugins.  However, 3D modeling packages focus on providing a tool set for 

the creation of 3D content (modeling, texturing and animating 3D objects), not the 

synthesis of content and interaction to create a “game.”  Visualizations based on 

simulation dynamics can be encoded in 3D modeling packages, but this requires 

custom scripting or selection from a pre-determined set of simulation features, such as 

the fluid or cloth dynamics options provided in Blender. 

2.5 Summary 

In this chapter, relevant background was presented from the areas of ontologies, 

simulation, visualization frameworks, and integrative multimodeling.  Ontologies have 

been used to approach some challenges in simulation, but have been applied mostly on 

the computational level.  Visualization frameworks have progressed recently but have 

been oriented mainly towards information visualization, not simulation systems.  Finally, 

integrative multimodeling is a new area concerned with linking abstract and real-world 

representation and is applied in this work towards the definition of new theoretical 

interface.  State-of-the art tools used in practice for simulation-based visualization 

construction were also presented in this chapter. 
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Figure 2-1.  Protégé (Noy et al., 2001) displaying an ontology for a newspaper.  The 
class that is selected is Columnist, which is a subclass of Author.  “Slots” (i.e., 
attributes) of a Columnist are shown next to a blue icon. 

 

 
 

Figure 2-2.  A partial view of DeMO (Miller et al., 2004).  Model Concept types are 
enumerated. 
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Figure 2-3.  A high-level view of the Semantic Web enabled simulation design system 

proposed by Chandrasekaran et al. (2002).   

 

 
Figure 2-4.  Transforming a SEDRIS file into an OWL ontology (Bhatt et al., 2005). 
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Figure 2-5. High-level depiction of the translator written by Lacy (2006) to demonstrate 

PIMODES. 

 

 

 
Figure 2-6.  The ontology engineering, storage and search framework created by Bell et 

al. (2008). 
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Figure 2-7.  An example of transforming and rendering 3D objects based on simulation 

variables in Ptolemy.  Textured spheres representing the Sun, Earth and 
Moon are transformed using a series of Ptolemy transform objects (translate 
rotate, scale). A ViewScreen3D object collects the transformed spheres as 
input and renders them in a separate Java3D view, shown to the right.
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CHAPTER 3 
ONTOLOGY-CENTERED INTERACTION THEORY AND FRAMEWORK 

The theoretical interface requirements and design methods described in this 

chapter represent the core contribution of this work.  A case study presented in the 

following chapter may help ground the high-level concepts presented here through real-

world examples.  The design of the proposed framework should facilitate simulation 

model building and integrative visualization construction within a single interface model 

that leverages pre-existing domain semantics when possible.  The defined interaction 

theory should demonstrate that a visualized ontology could be the central connective 

interface structure through which these different activities can be afforded.  The 

ontology-centric design can also support executing the designed simulation models and, 

in turn, “playing” the designed visualizations.  The interface requirements described in 

this chapter support a simulation and visualization design environment.   This is a 3D 

graphical environment with controls to start, pause, and reset the simulation and 

visualization at any time.    

The three main components of an ontology -- concepts, relationships and 

attributes -- all play important roles in the proposed interaction theory.  The role of each 

component will be described in Section 3.1.  A detailed look at the various design 

affordances of the theory will be presented in Section 3.2.  A technical framework that 

can house the proposed interaction theory is presented in Section 3.3.  A methodology 

for using the proposed framework is presented in Section 3.4. Finally, a classification, 

comparisons, and limitations of the framework are discussed in Section 3.5.  
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3.1 The Base Structure 

3.1.1 Concepts  

In a domain ontology, concepts represent high-level objects in the domain space 

(e.g., in the medical domain anatomy could be represented by a set of interconnected 

organs).  Likewise, when an ontology is visualized, a concept can serve as a high-level 

interface handle to parameters required for simulation and visualization.  That is, the 

visualization of the ontology concept can serve as a handle to more information about 

the concept in the form of attributes; and can serve as a visualization design interface 

structure that allows users to perform graphical transformations.  When a node is 

transformed, any 2D or 3D visual objects that are assigned to the concept as attributes 

will be transformed as well.  The visualization of the concept object is the graphical 

parent of all visual objects assigned through attributes.  A depiction of this basic idea is 

given in Figure 3-1.  The concept is visualized as a gray sphere.  When the sphere is 

selected, a graphical widget appears to allow for 3D translations.  A 3D mesh (the 

bunny) and image (xray.jpg) are assigned to this particular concept.  An example 

graphical transform of translation is depicted in Figure 3-1c, but a rotation or scale 

widget could be rooted at the ontology concept as well.  As the concept is translated, 

the 3D mesh moves with the concept and the 2D image maintains the same 2D offset. 

3.1.2 Attributes  

A basic visualization of a concept should serve as an interface to attributes of that 

concept. When a concept is selected, not only should graphical transform options 

become available, a list of all attributes relevant to that concept should be displayed. 

Depending on the interaction modality (different modalities are described in Section 

3.2.9) attributes can either be read-only or modifiable.  In the proposed framework, 
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attributes play a critical role; they can be used to define simulation variables, 

visualization parameters, and any required influence between simulation and 

visualization.  To have consistency in the interaction model and to massage the 

ontological structure into something that is well-suited for a visual interface to graph 

based simulation models and visualization design, attributes may be added to 

relationships.  In the common notion of ontology, relationships do not hold attributes 

and, therefore, a translation will need to occur if the ontologies leveraged in this 

framework are to be utilized elsewhere.  Attributes of relationships are discussed in the 

next section and the required translation is discussed in Section 3.2.11. 

3.1.3 Relationships  

 Relationships in an ontology denote a unidirectional semantic connection 

between two concepts (e.g., “has a”).  When visualized, relationships are often 

represented as an edge that connects two ontology concepts.  In the proposed 

framework, relationship edges can be used to just relay basic semantics as in typical 

ontological solutions, or can be sculpted into a meaningful curved path within a 3D 

visualization environment.  The resulting curved edge can be used to denote the path of 

flow within a dynamic system, or allow further expression and serve as a guide for 

animated objects, such as particle systems.   

The physical structure of the relationship, as defined interactively by the 

visualization designer, can be encoded by an attribute assigned to the edge.  The 

attribute should be a list of ordered points that define the edge and a potential extra 

attribute that determines if the point set should represent a “hard” edge that is piece-

wise linear, or a curved edge that should be interpolated between the points .  It may be 

beneficial to add attributes to edges as well, depending on the modeling paradigm being 
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leveraged and the edge’s influence on visualization.   Attributes for a relationship should 

be displayed when the edge is selected, as is the case with attributes attached to 

concepts. 

3.2 Structural and Semantic Affordances 

A collection of design affordances will be presented in this section.  These 

affordances are diverse, ranging from the ability to store simulation equations as 

attributes, to using relationships to form the path of particle systems.  The definition of 

affordance used in this context is: what the ontological structure provides, or “furnishes” 

(Gibson, 1979), in support of simulation modeling and visualization design.  The 

following 11 sections each describe an affordance.  Collectively, I view this set as a 

showcase for the use of the ontology-centric approach described in this dissertation.  

3.2.1 Meta-attributes  

Meta-attributes are attributes of attributes that are required in the proposed 

framework to define properties significant to simulation modeling and visualization 

design activities.  These meta-attributes include values to determine if an attribute 

should be visible in a resulting visualization viewer module and if an attribute should be 

a numerical variable or text-based.  If an attribute is deemed a variable, meta-attributes 

exist that can define the range of acceptable values for the variable, or a discrete set of 

acceptable values if the variable is crisp. 

When adding ontology member attributes required when creating an envisioned 

visualization module (e.g., the 3D position of an ontology concept), a designer may want 

to limit visibility of such attributes in the final visualization.  Design-centered attributes 

will not be relevant in most viewing contexts and likely distract from the information the 

designer intends to convey.  To this end, a meta-attribute of “visible in viewer” is added 
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to each ontology concept attribute.  This is a true or false property whose value 

determines if an attribute will be visible in the viewer module. 

Other meta-level attributes in the framework allow a designer to attach interactive 

controls to numeric attributes.  These controls allow viewers to tweak visualization 

properties in real-time.  Attributes could be linked to simulation dynamics (e.g., 

coefficients in the underlying model) or purely graphical features (e.g., the color of a 

material assigned to a 3D mesh).   Regarding numerical simulation and visualization 

parameters, there is a true or false value that determines whether an attribute is marked 

as a “variable.” Variable attributes must be numeric in value and be of a scalar or 3D 

vector type. 3D vector types are well-suited for some visualization parameters (e.g., 

position: x, y, z and color: red, blue, green).  Further, attributes that are marked as a 

variable can also be marked as “adjustable.”   

Adjustable attributes can be interactively modified.  The control for adjusting 

should allow modifying a variable attribute to values within a defined range. This range 

is bounded by a “min” and “max” meta-level attribute.  One way to support this is 

through a linear slider control.  With respect to the slider behavior, a designer may not 

always want this control to be smooth and continuous, but allow only for discrete values 

from a set.  To this end, the proposed model allows for “crisp” adjustable variables.  

When an adjustable variable is marked as crisp, a set of possible values may be 

assigned to the variable.  These values should be sorted and the interactive control 

(e.g., the slider) should “snap” to values when a variable is marked as adjustable and 

crisp. All meta-attributes are depicted in the user-interface sketch presented in Figure 3-

2.   
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3.2.2 Attributes as Simulation Equations 

While most simulation modeling paradigms can be made to conform to the 

ontological graph structure, there will always be mathematical customizations that are 

desired in certain simulated scenarios (Krahl, 2002).  Often these additions are made 

through custom scripts.  In visual environments (e.g., Simulink, Ptolemy), equation 

blocks can be added to the canvas that consider any input as a variable to use within 

the equation, and output a calculated value. Another approach in these environments is 

to leverage a functional block model notation to build a graph that represents the 

desired formulation.  In functional block model notation, operators are blocks within a 

flow graph with operands as input, and the resulting value of the operation as output. 

 Representing equations as graphical objects (e.g., blocks on a canvas in 

Simulink or Ptolemy) within a dynamic model representation does not mesh well with 

the ontological graph visualization approach.  Because the purpose of an equation is to 

calculate a value which, ultimately, is just an attribute of some concept within a domain 

(e.g., blood volume is an attribute of an organ in the domain of physiology), the equation 

can be treated as such and its representation can be encapsulated within that of the 

concept’s.  Along with a de-cluttering of the visual design environment, defining 

simulation equations as attributes of concepts has the additional benefit of allowing 

equations to be represented in a manner closer to their native text-based form as 

compared to the to graph-based structures. 

 Any implementation of an ontology-based equation solver will need to define 

some base syntax to denote the concept of time, both total time and the current time 

slice; and to determine from which concept a variable is being referenced.  For the 

latter, the dot notation used in object-oriented programming could be employed. Figure 
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3-3 explores the dot notation with two approaches for retrieving a variable value from a 

foreign concept.  In Figure 3-3A, syntax is shown of the following structure: 

concept(<concept_name>).<attribute_name> . In Figure 3-3B, a simple 

function output() is used to find a node adjacent to an out-going edge with a given 

name.  This syntax has the following structure: output(<out-going relationship 

type>).<attribute_name>.  A function of input() can be used in a similar 

manner.  The second syntax style has the advantage of being general enough so that a 

single equation attribute could be distributed across an entire dynamic model because 

no explicit concept names are required. 

3.2.3 Taxonomies for Object Creation 

Ontology inheritance is represented by an is a relationship between two concepts. 

A tree of concepts connected by is a forms a taxonomy. This taxonomic structure can 

be useful when creating simulation or visualization objects.  If a root concept can serve 

as a template for other concepts then any design choice applied to the root can be 

automatically propagated to any concepts connected through out-going is a 

relationships.  During visualization construction, certain graphical properties can be 

applied automatically to a collection of sub-concepts (e.g., all items of a certain type 

should be colored red). In simulation models, given a certain modeling paradigm, model 

blocks may all have the same variable attached (e.g., in compartmental modeling all 

compartments have simulation variables volume, pressure and flow). 

3.2.4 Creating Transform Hierarchies and Vertex Groups 

The has a relationship is a common semantic notion and can serve as a useful 

interface affordance. The proposed framework leverages this relationship type to create 
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graphical hierarchies (i.e., scene graphs) and to define vertex groups within a mesh to 

create vertex animations.  A has a relationship between two ontology nodes will form a 

parent-child pair.  This mimics common parenting or grouping functionality present in 3D 

modeling and animation software (Derakhshani, 2010).  With has a relationships 

present, transformations applied to a source node (the parent) of the relationship are 

propagated down to the destination nodes (the children).  This technique can be applied 

to transform a set of disjoint meshes or to define regions within a single mesh to be 

transformed.   Figure 3-4 illustrates the use of the has a relationship in a simple scene 

containing a tea pot on top of a table.  Because a has a relationship connects the two 

concepts, when the table is transformed, the tea pot will be transformed as well.  The 

tea pot will be transformed about the location of the table concept node (i.e., the tea pot 

transform’s origin point will be the point of the table concept node). 

Vertex animations are animations in which a subset of vertices is deformed within 

a mesh over time.  Different transforms may be applied to different vertex subsets, 

resulting in complex animations.  This is in contrast to animation in which a transform is 

applied uniformly across an entire mesh.  For example, compare an animation of a 

beating heart in which the heart scales uniformly to an animation in which the different 

chambers of the heart scale independently over time.  Vertex animations are often 

created in 3D modeling software packages through a process of “rigging” (Vasconcelos, 

2011).  Some sort of skeletal structure is provided in the user interface that can be 

registered with a mesh and manipulated to create vertex animations.  Designers can 

create simulation-based vertex animations in the proposed framework by leveraging the 

ontology visualization as the required skeletal structured. 
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In the proposed framework, rigging 3D meshes by leveraging the ontology 

structure requires has a relationships be present in the ontology.  The has a 

relationships, which should be unidirectional, along with their adjacent ontology nodes 

form a hierarchy of parts and subparts.  If a mesh is assigned to the root of this 

hierarchy, then in some cases its subparts will represent sub-regions of the assigned 

mesh.  The ontology nodes representing subparts can be positioned within the root 

mesh and serve as the interface handle to creating vertex groups of the root mesh.  

These groups should be centered at the ontology node and can be bounded by a 

variety of geometry.  Further, the span of this bounding geometry can be controlled by 

the addition of an attribute named influence radius. 

Once vertex groups are formed by positioning ontology nodes, affine 

transformations may be applied to each vertex set.  Transformations should treat the 

ontology node’s position as the origin point, as opposed to inheriting the origin of the 

mesh’s object space (i.e., the origin point by which the positions of all the mesh’s 

vertices are defined).  These transformations may be linked to simulation variables of a 

node through the addition of influence attributes.   A vertex group for the concept “Head” 

is shown in Figure 3-5.  The bounding geometry for this group is a transformed sphere.  

All vertices within the bounding geometry are added to the “Head” group and may be 

transformed independently from the rest of the mesh’s vertices.  

3.2.5 Influence for Ontology-Based Animation 

The ontology can serve to connect simulation variables to visualization parameters 

resulting in dynamic 3D visualizations based on simulation behavior.  By adding 

influence attributes to ontology concepts, a designer can link the value of one attribute 

to another by mapping between linear ranges during simulation execution. To create the 
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semantic link in the ontology, attributes influence source, influence 

destination, influence source range, and influence destination 

range are required. Ranges can be bounded by either vector or scalar values.   A list of 

suggested attributes that could be used to create and tune influences is shown in Table 

3-1. 

Adding influences should be supported during simulation execution, resulting in 

the desirable feature of immediately seeing the effect of mapping a simulation variable 

to a visualization parameter (Shneiderman and Plaisant, 2005).  Combining influences 

with adjustability (see Section 3.2.1) can result in a simple way for a designer to 

interactively fine-tune a visualization parameter to achieve a desired animation effect 

over time. 

3.2.6 Designed Ontology Representations 

In some cases, visualization of the graph-based ontological structure, with 

concepts as nodes and relationships as edges, may be useful on its own with few 

additional enhancements (Katifori et al., 2008).   For example, concepts could be color 

coded or relationship visualizations could be set to an edge width that maps to a 

simulation coefficient.  Special attributes can be defined to support the graphical 

customization of the ontology visualization.  This is required to differentiate between 

what is an additional graphical element (to be visualized along with the ontology) and 

what graphical elements are to replace or augment the standard ontology components 

visualization.  A way to allow the designer to delineate between these two options is to 

allow a set of attributes with a prefix to determine that it refers to the graphical 

properties of the ontology visualization itself.  For example, the prefix presentation 



 

64 

could be used.  In this case the attribute presentation mesh refers to the 3D mesh 

used to represent the concept and the attribute mesh would refer to the mesh assigned 

to the concept that is still visible even if the ontology is hidden. 

3.2.7 Ontology Guided Particle Systems 

A particle system is a collection of duplicated 2D or 3D graphical objects that are 

animated and subjected to external forces over time.  Particle systems are used in real-

time computer graphics to simulate a variety of effects (Hastings et al., 2007), including 

fluid flow and lighting effects.  Because of their increasing application, tools for the 

creation of particle systems are included in most modern game engines and 3D 

modeling packages.  Particle systems can be useful when visualizing simulation output 

and are an important consideration when designing general purpose visualization 

software.  The graph-based ontology visualization can serve as an interface handle to 

connect particle appearance and dynamics to simulation variables. 

The ontology concepts can serve as particle emission points.  From the emission 

points, particles can be ejected in a certain direction or follow the path defined by the 

curvature of an out-going relationship edge.  Particle properties (e.g., speed, size, color) 

can be set by adding attributes to the appropriate concepts and relationships.  Particles 

that follow the path of a relationship can have constant properties derived from 

attributes assigned to the relationship, or have dynamic properties that change as the 

particle moves along the relationship (e.g., the color of the particle could fade from blue 

to red overtime).  Dynamic properties can be encoded by attaching attributes to both 

source and destination ontology concepts.   For example, if an attribute particle 

size is attached to both the source and destination concepts of a relationship, then the 
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size of the particle can be can linearly interpolated as it traverses the connecting 

relationship, thus causing the particle to shrink or grow overtime. 

 The interpolation of particle behavior along a relationship can be facilitated by 

checking attributes types on relationships and adjacent concepts.  If a particle attribute 

is not of variable type (i.e., numerical), then it can be assigned the name of an attribute 

assigned to adjacent concepts.  In other words, the particle property is either assigned a 

constant numerical value at the relationship level, or bound to adjacent concept 

attributes and subjected to interpolation across the relationship.  This is illustrated in 

Figure 3-6, where the particle property particle speed is added as an attribute to a 

relationship and assigned the value speed.  Because this attribute is not of variable 

type, the value for particle speed is calculated by considering the numerical values of 

the attribute named speed that should be present in the two adjacent concepts.  A 

collection of suggested particle attributes are described in Table 3-2. 

3.2.8 Attribute Expansion 

Each concept has a collection of attributes.  These attributes may be of varying 

interest to someone consuming the final visualization module.  As part of the proposed 

framework, two styles of attribute visualization are defined: docked and expanded.  

Attributes that are docked are presented along with all other attributes within a list 

configuration.  This representation of attributes should be of the lowest detail, taking up 

the least space.  For example, if an attribute is an image, then when it is docked it 

should only be displayed as the image name, or the name accompanied by a small 

thumbnail.  If the attribute is a simulation variable, then when it is docked it can be 



 

66 

displayed as its real-time numerical value, and an interactive 2D variable plot when it is 

expanded. 

If presented with a collection of docked attributes after selecting a concept or 

relationship, a designer or consumer can make a choice as to which attributes are of 

interest, and the interesting attributes can be expanded.  Generally, an expanded 

attribute should be represented at a higher fidelity than docked attributes within the 

visualization while maintaining a visual link to the concept.  An image attribute, when 

expanded, could be displayed as the full image along with an edge pointing to the 

concept. This image could be moved about the screen space on a 2D plane parallel to 

the camera’s view plane and centered at the concept’s 3D position.  This infinite plane 

can be thought of as the concepts “display space” where all expanded attributes are 

visualized. In Figure 3-7, the dashed arrow depicts the process of expanding a docked 

attribute.  Figure 3-8 shows a schematic relating an attribute’s display space and the 3D 

view. 

3.2.9 Ontology-Based Interaction Modalities 

 A simulation and visualization designer will most often utilize semantics during 

the design phase that are irrelevant to the end consumer (e.g., co-worker, student) and, 

if visualized, would result in unnecessary clutter.   End consumers also have no need to 

add or remove attributes due to their more passive relationship with the visualization 

and simulation that they are consuming.  Further, transforming the visualization objects 

in a designed module is unnecessary and may confuse users presented with transform 

widgets, and relationship curvature controls.  To this end, two interaction modalities are 

defined and supported by the ontological structure: a designer modality and a viewer 

modality.    
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 Basic interactions should be supported across both modes.  These interactions 

include: 3D camera controls, selection of concepts and relationships, attribute 

expansion, and the adjusting of attributes that are marked adjustable.  Within the design 

modality, additional interactions should be supported, including:  the ability to add and 

remove concepts, the ability to add and remove relationships between concepts, the 

ability to transform concepts (and any assigned visualization attributes), the ability to 

sculpt the curvature of any relationship, the ability to add and remove attributes of 

concepts and relationships, and the ability to view and modify all meta-attributes.  

3.2.10 Semantic Styling 

 Most ontology visualization efforts provide a 2D or 3D node and edge based 

approach with minimal visual diversity or customization tailored to the domain from 

which the ontology was derived (Pietriga, 2006).  To address this, graph style sheets 

were created that map the semantics embedded in an ontology into meaningful 

graphical representations.  One example of this is STOOG (Style-sheet-based Toolkit 

for Graph Visualization), created by Artignan and Hascoët (2010), which provides an 

interface for users to define 2D icons to represent ontology concepts and to specify 

which attributes are rendered in the final ontology visualization.  GraphViz (Ganser and 

North, 2000) was leveraged in STOOG for automated graph layout. 

 In simulation modeling, graph style sheets can be used to tailor the ontology 

representations to be consistent with the visual simulation modeling practices used in a 

given domain.    Many graph-based simulation modeling paradigms exist and leverage a 

different set of visual syntax (Page, 1994).  Being able to express dynamics in a visual 

paradigm familiar to a practitioner could help ease the visualization designer into the 3D 

virtual environment.  In the given scenario, a practitioner could use a customized 
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version of the proposed framework with a graph style-sheet applied that was created 

based on the models used in that domain. Figure 3-9 demonstrates a simple transform 

from a graph-based ontology representation with two concepts and a relationship into 

that of a systems dynamic model with source, flow rate, and level objects. 

3.2.11 Ontology Portability through RDF 

The RDF (Resource Description Format) was created to support the envisioned 

Semantic Web.  The abstract RDF structure can be understood by machines and 

humans.  An RDF object consists of a subject, an object and a predicate (Miller, 1998).  

For example, in the statement ‘visualization is a topic of this dissertation,’ in RDF the 

subject is ‘visualization,’ the object is ‘dissertation’ and the predicate is ‘is a topic of.’  

This RDF format maps cleanly to the ontological structure, which is composed of 

concepts connected by unidirectional relationships.  Attributes in an ontology can be 

stored in RDF as terminal objects.  Due to the fact that the ontological structure is 

augmented in the proposed framework, with meta-attributes and attributes attached to 

relationships, a simple translation phase is required to map the augmented ontology into 

the RDF standard. 

To perform the translation from the augmented ontology, concepts and 

relationships can be elevated one level.  This elevation will create concepts from 

elements that were previously attributes, and create attributes from elements that were 

previously meta-attributes.  A technique to account for attributes of relationships is to 

morph the relationship into a concept that connects to the previous destination concept 

and has all the attributes attached to the original relationship (Gomez-Perez and 

Corcho, 2002). Objects of this type are referred to in RDF as "blank objects" because 

they have no reference to online semantic repositories but serve to link various well-
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defined semantics in scenarios that demand a more complicated structure than the 

simple object, predicate, subject triple can provide.  A depiction of the meta-attribute 

and relationship attribute morphing is depicted in Figure 3-10. 

Depending on the desired application of the ontology, this mapping for meta-

attributes and relationship attributes may obfuscate the core domain semantics.  To 

address this, instead of performing a mapping, a supplemental file structure could be 

defined that houses all semantics defined in the framework that do not map cleanly to 

the base ontological structure.  This file could be exported along with the base ontology 

for permanent storage and interoperability.  

3.3 Technical Requirements  

In this section, the high-level technical requirements will be presented.  This will 

help summarize the proposed framework and determine the various modules required 

to implement the simulation model builder and visualization designer defined in this 

chapter.  The framework requires the following components: an ontology parser, an 

ontology exporter, a simulation solver, an ontology solver, a graphics renderer, a 

designer user interface, and viewer user interface.  An ontology pruning component and 

a domain styling component are optional. 

The ontology parser serves to load the ontology, encoded in a certain format (e.g., 

RDF), from a file.  The parser should create the necessary internal ontology data 

structures in memory to be used by the other components of the framework.  The 

ontology exporter saves the ontology for later use or use in other ontology-based 

frameworks.  

To execute any simulation model, a simulation solver will need to be created.  The 

simulation solver should: read the current values of simulation variables from the 
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ontology; perform the necessary calculations, perhaps domain specific calculations; and 

then write the new values for the simulation variable back into the ontology.  There 

should also be an ontology solver whose purpose is calculating the values of any 

influences and solving any attributes that are equations. Any variable, simulation- or 

visualization-oriented, that is not listed as just purely numerical (i.e., it references 

another attribute by name), will have its value resolved by the ontology solver.  The 

simulation solver can be updated at any interval but will need to know the time since the 

last update (i.e., the simulation time-slice). The effect of large time-slices when solving 

certain simulation models should be considered, because large time-slices can be 

problematic in models with sensitive coefficients.  

For graphics rendering, a component dedicated to the rendering of 3D textured 

objects is required.  This graphics renderer component can be coded in a low-level 

graphics language, or one utilizing a higher-level graphics library.  The graphics 

component will need to communicate with the ontology solver to obtain any ontology 

concept attributes linked to graphical properties within the visualization scene.  These 

properties range from the standard affine transforms applied to meshes, to the speed or 

color of particles as they move along a relationship’s curved path.  The graphics 

rendering component should be updated at an interval conducive to smooth animation 

and high-user interface responsiveness (e.g., 30 times a second or greater).  Ideally, 

the simulation solver will run in a thread separate from the graphics rendering to ensure 

the highest precision simulation possible (i.e., have the simulation time-slice not be 

limited by a graphical refresh rate). 
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The final required components pertain to user interaction.  For simulation and 

visualization design, there will need to be a designer user interface.  For consumption a, 

viewer user interface will need to be created.  The distinction between these interfaces 

is defined in Section 3.2.9.  The optional ontology pruning component (see Section 

3.4.4) will interface with the ontology importer and allow users to hand pick concepts to 

be placed in the 3D design environment.  The optional semantic styling component (see 

Section 3.2.10) interfaces with the graphical renderer and dresses the basic ontology 

representation with graphical objects used in abstract simulation modeling in a given 

domain.   The entire architecture described in this section is illustrated in Figure 3-12.  

In the architecture, the ontology component serves to store the current state of the 

ontology in memory. 

3.4 Methodology 

In this section, the high-level methodology is presented. The methodology is 

defined to provide a step-by-step account of how the theoretical tool defined earlier in 

this chapter could be leveraged by a designer.  There are three primary steps to the 

methodology: ontology acquisition, modeling building, and execution. 

3.4.1 Ontology Acquisition 

To leverage an ontology visualization as an interface affordance, one must first 

obtain an ontology encoded with the desired semantics. Naturally, there are two ways to 

fulfill this requirement. The first is to seek out a pre-existing ontology which may be 

published by experts in the given field. For example, there is the Modelica ontology 

(Pop et al., 2004) that supports simulation of physical systems (e.g., those containing 

electrical, thermal, or hydraulic components). Other pre-existing ontologies include 

those that are intra-organizational and often not publically-accessible. These ontologies 
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enable knowledge sharing and reuse across departments within a single organization 

(Blomqvist and Öhgren, 2008). The second option is to simply construct the ontology 

oneself. In turn, the newly constructed ontology can be used as a starting point in future 

efforts.  

If a pre-existing ontology is employed, then it should be analyzed and modified if 

the semantics required by the modeler are not already present. Examples of 

modifications include adding new sub-concepts (i.e., adding semantic precession) 

necessary for the desired simulation and visualization, adding entirely new concepts, or 

adding relationships between pre-existing concepts.  

3.4.2 Simulation Model Building and Visualization Construction 

To eventually execute a simulation and corresponding visualization, system 

dynamics need to be defined. To achieve this, relationships specific to simulation 

dynamics should be added between existing concepts in the ontology, if they are not 

already present. If more than one relationship type can denote dynamic flow, then the 

specific dynamics of interest need to be defined to avoid ambiguities when it is time to 

execute the model.  

Concurrently with simulation model building, expressive 3D visualization can be 

created by adding visual parameters as attributes to ontology concepts. Examples of 

visualization attributes include 3D meshes and materials. When a visualization attribute 

is added to an ontology concept, it should be rendered in the ontology visualization and 

rooted at the node of the given concepts. Further, influences can be added to ontology 

members to link visualization attributes to simulation variables (e.g., attribute A 

influences attribute B, where A is a dynamic variable and B is a visualization 

parameter).  



 

73 

As a final construction requirement of the methodology, the graph-based ontology 

visualization itself can also be modified to express certain ideas. This requirement 

supports integrative multimodeling. For example, the visualization of a relationship 

denoting dynamic flow can be morphed into a curve that traces the path of the flow 

within the 3D visualization environment.  

3.4.3 Simulation Execution and Visualization Animation 

A correctly formed model can be executed once the needed ontological concepts 

are established, and the simulation model and visualization attributes are defined within 

the ontology. The method of execution will depend on the mathematical paradigm in 

which a given domain-ontology exists. For example, in some physiology simulation 

models, blood flow is represented by the hydrodynamic metaphor where blood volume 

in compartments is updated by calculating pressures, resistances, and valves between 

adjacent compartments. The execution requirement implies that the specific solver is 

connected to the interface and is coded depending on the desired application domain. 

As the defined simulation model is executed, simulation parameters should be updated 

at each time interval. In turn, visualization parameters that are linked to simulation 

attributes through influences are updated. This results in a real-time 3D animation 

based on simulation output. 

3.5 Classification, Comparisons and Limitations 

3.5.1 Classification 

In Table 3-3, the proposed usage of ontologies in the interface is codified 

according to the classification system presented by Paulheim and Probst (2010).  The 

ontologies that are well-suited for the proposed methodology leverage “real world” 

semantics, but there is no semantic complexity requirement on them.  The visualized 



 

74 

ontology can be leveraged during design time (e.g., to build a dynamic model) or run 

time (e.g., to label components and denote relationships). Further, ontologies are 

visualized as graphs, and textual labels serve to “verbalize” ontology members.   Finally, 

in the proposed methodology, interaction is allowed as a means to change which 

ontology members are visible and to modify the ontology within the visualization 

environment. 

3.5.2 Comparisons 

A core principle of integrative multimodeling is that the synthesis of multiple 

models may support new visualization and interaction techniques beneficial to the areas 

of design and education.   This synthesis can be achieved in the human-interface layer, 

as is the case with two notable integrative multimodeling efforts: the work of Park and 

Fishwick (2005) (see Section 2.3.2), and the work of Quarles (2009) (see Section 2.3.3). 

to further articulate the proposed methodology, the remainder of this section presents a 

comparison of these previous works against the proposed ontology-centric approach, as 

well as a classification of the particular usage of ontologies the proposed methodology 

will employ. 

Park and Fishwick (2005) developed an integrative multimodeling framework that 

leveraged ontologies.  They created a holistic ontology composed of classes pertaining 

to concepts in simulation, visualization, and the domain of interest (e.g., military, 

chemistry).  Portions of the ontology were represented in the interface as lists. This 

enabled users to fill-in some required information (e.g., the name of a “.obj” file or type 

of model: Functional Block Model or Finite State Machine).  However, the ontology was 

not displayed within the visualization environment, leaving the integrative visualization 

to be composed solely of graphical and dynamic models.  The proposed methodology 
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builds on this framework by placing the domain ontology within the integrative 

visualization along with the dynamic and graphical models.  I believe this placement 

represents the most important aspect of what is presented in this dissertation: the 

ontological structure can serve as the foundation for a new interface model supporting 

simulation model building and visualization design activities.  The Park and Fishwick 

framework provides an environment for model blending (i.e., the blending of graphical 

models with dynamic models), but model design and execution required the traditional 

engineering edifice such as Blender Game Engine logic blocks and Python scripts.  

Quarles (2009) showed the Augmented Anesthesia Machine (AAM) to be effective 

in some areas of training.  However, no formal method was provided to create similar 

style visualizations for different processes.  The proposed methodology is a first step 

toward defining a conceptual framework for building tools such as the AAM.  With 

domain ontologies manifested in the visualization environment, dynamic models can be 

constructed by supplementing the domain knowledge with new “dynamics” information 

and visualizations can be built by adding visual attributes to the members of the 

ontology.  The 3D collocation required by the AAM will come naturally in the proposed 

methodology because the abstract knowledge (located in the ontology) and dynamic 

model are used as interface affordances and, therefore, are manifested in the 3D 

visualization environment from the start. 

3.5.4 Limitations 

It is important to consider the potential limitations of the theoretical framework 

described in the previous sections.   Thus far, I believe there are two major limitations: 

one pertaining to parsing and visualizing large, pre-existing domain ontologies; and 
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another pertaining to simulation complexity of models outside of the realm of equation-

based and continuous. 

Domain ontologies can grow quite large.  For example, the Foundational Model of 

Anatomy (FMA) ontology contains over 75,000 concepts and over 2,000,000 

relationships. While there is active research in automated and partially-automated large 

graph layout (e.g., see the work of Diaz et al. (2002)), and there is research into what 

makes a graph easily comprehendible; large graph structures are still widely considered 

hard for humans to comprehend outside of just a “big picture” understanding of a 

network (von Landesberger et al., 2011).  Users of the proposed framework will need to 

delve into deep semantic detail to build executable models and visualizations with a 

desirable level of precision.  Due to these restraints, there will most likely need to be a 

pruning phase in which a subset of semantics are chosen from the larger ontology, and 

then this subset is imported into the framework.    

The semantic pruning phase can be handled in many ways.  External ontology 

editing tools (e.g., Protégé) could be used to edit a large ontology down to the desired 

concepts and relationships, or the framework could be modified to include an ontology 

representation that is not 3D.  The latter option may be more desirable because pruning 

could occur at any time in the design process and within the same interface in which the 

design activities are taking place.  The 2D text-based hierarchal list (leveraged in 

Protégé and the FMA online viewer) could provide a clean interface into a vast ontology, 

allowing users to choose which concepts to “drag” into the 3D design environment.  A 

high-level sketch of such an interface is depicted in Figure 3-11. 
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Regarding simulation model complexity, there are certain domain modeling 

paradigms that map cleanly to the base ontological graph structure (e.g., compartmental 

modeling, system dynamics, finite state machines).   These model types are often flow-

based.  There are less constrained model types, however, that do not have such a 

straight forward semantic map onto an ontological graph.  One such hard-to-map model 

type is the rule-based model. Consider the simulation and visualization of a 

manufacturing assembly line.  In manufacturing simulation, there are many factory 

components driven by different rule sets.  Further assembly line visualization can be 

very intricate.  For example, there may be conveyor belts, robotic arms and human 

workers.  The dynamics between human workers and other objects are particularly 

difficult to animate because the human may interact with another object, changing the 

position and orientation of the object as the human holds it in their hands. Complex, 

multi-model environments such as the manufacturing  assembly line may be best 

served by other simulation platforms that are coded with the appropriate functionally 

and graphical representations.  

3.6 Summary 

In this chapter, an interface theory was presented along with a framework to house 

the theory and define a software tool that could be implemented.  The central structure 

of the proposed theory is a visualized 3D ontology.  The three main structures of the 

ontology (concepts, attributes, and relationships) all play an important role in the theory.  

These roles were detailed along with 11 semantic and structural affordances of the 

visualized ontological structure with respect to simulation modeling and visualization 

design.  Further, a methodology was provided to describe how a designer would use the 

theoretical tool.  Finally, the tool was classified using the Paulheim and Probst (2010) 
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scheme for describing the role of ontology in the user-interface, and theoretical 

limitations of the tool were discussed.  

 

 
 
  



 

79 

Table 3-1. A list of suggested attributes for assigning the influence between simulation 
variables and visualization parameters 

Attribute name Attribute value 
influence source The name of the simulation attribute to drive the 

influence.   
influence source min The minimum source value permitted for the 

influence.  This value can be scalar or 3D 

vector.  Values less than the min value should 

be clamped to the min value. This attribute must 

be of the type “variable.” 
influence source max The maximum source value permitted for the 

influence.  This value can be scalar or 3D 

vector.  Values greater than the max value 

should be clamped to the max value. This 

attribute must be of the type “variable.” 
influence destination The name of the attribute which will be influenced. 
influence destination min The minimum destination value permitted for the 

influence.  This value can be scalar or 3D 

vector.  Values less than the min value should 

be clamped to the min value. This attribute must 

be of the type “variable.” 
influence destination max The maximum destination value permitted for the 

influence.  This value can be scalar or 3D 

vector.  Values greater than the max value 

should be clamped to the max value. This 

attribute must be of the type “variable.” 
influence bounds The type of bounding geometry to define the region 

of influence. 
influence radius The scale of the bounding geometry. This attribute 

must be of the type “variable.” 
influence falloff The type of falloff calculation applied to influence 

vertices based on their distance from the central 
influence point (i.e., the 3D location of the parent 
concept). 
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Table 3-2. A list of suggested attributes for assigning particle systems properties to 
ontology concepts and relationships. 

Attribute name Attribute value 
particle emission The numerical value or name of the variable to 

determine the rate of particle emission from the 
source concept.   

particle emission factor A numerical value that can be used to scale the 
particle emission.  This attribute must be of the 
type “variable.” 

particle color The color of the particles.  This attribute may be 
linked to other attributes’ values either within the 
relationship, or in source and destination 
concepts.  If the color value is to be hard coded, 
then this attribute must be of the “variable” type 
and of the “vector” type. 

particle image An image used to render a single particle.  This 

image may be tinted by the value of particle 

color. 
particle speed The speed at which the particle is animated (e.g., 

travels along a relationship curve).  This value can 
be provided in unit lengths per second, where the 
unit length is determined within the 3D 
environment. 

particle random offset A numerical value to serve as the upper bound of a 
random offset of a particle from a predefined path. 
A random unit vector can be calculated and 
multiplied by a random value from the range [0, 

<particle random offset>] to find the 3D 

position of the offset from a point along a 
relationship curve. 

particle wander interval A numerical value to represent the time, in seconds, 
that particles will take to “wander” from one 
random point to another in the region defined by 
the particle random offset. 

 
 
Table 3-3. The characteristics of ontologies well-suited for use in the proposed 

framework.  This classification scheme was defined by Paulheim and Probst 
(2010). 

Characteristic Classification 

Domain Real world   
Complexity Informal, low, medium and high 
Usage Design time and run time 
Visualization Graphical and verbalized 
Interaction View and edit 
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A B  
 

C  
Figure 3-1. A concept Bunny with graphical attributes of a 3D mesh and a 2D image 

(xray.jpg).  A) A sketch of a concept with a mesh and image attribute. B) A 
translation widget appears rooted at the concept when the mesh is selected.  
C) The translation of a concept when an axis of the translation widget is 
grabbed and dragged.  The mesh is transformed along with the concept and 
the image maintains its 2D offset. 

  



 

82 

 

Figure 3-2.  A high-level sketch of a user interface to meta-attributes. 

 

A  
 

B   
 
Figure 3-3.  Two different syntax approaches for accessing attributes across multiple 

concepts within equations. 
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Figure 3-4.  A simple 3D scene with an ontology visualization serving as an interface to 

mesh transformations.  The relationship between “Table” and “Tea Pot” is has 
a and, therefore, when the table is transformed, the tea pot will be as well, 
treating the Table concept location as the origin point. 

 
Figure 3-5. A simple illustration of using a has a relationship to form vertex groups. The 

Head concept is assigned a sphere as bounding geometry. This sphere was 
then transformed by a designer to encompass the desired set of vertices. 
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Figure 3-6.  A depiction of a particle traversing a relationship curve.  In this example, the 

particle speed is determined by interpolating between the speed attribute 
assigned to the source and destination concept. 

 

 
Figure 3-7.  The action of expanding an attribute.  The attribute image, represented by 

the image file name and a thumbnail in the attribute list, is dragged in to the 
3D environment and then represented by a higher resolution version of the 
image that maintains its own visual link to the concept (the edge connecting 
the image and the concept). 
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Figure 3-8.  A depiction of a concept’s display space.  The display space is a plane 

parallel to the view plane that should hold all expanded attributes of a given 
concept.   

 

 
Figure 3-9. A simple example of applying a graph style-sheet to an ontology to create a 

graphical representation used in systems dynamics modeling.  The concepts 
shown above should contain domain-appropriate semantics to be interpreted 
by the style sheet.  The system dynamics model contains a source (source 
concept), a flow (the relationship), a rate (the hour glass icon), and a level 
(destination concept). 
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A  

B  
Figure 3-10. Different approaches to morphing the ontology structure used in the 

prototype into the standard “triple” structure.  A) A sketch of the morphing of 
an ontology supporting meta-attributes to a standard ontology with just 
concepts, relationships, and attributes. B) A sketch of the morphing of an 
ontology supporting relationships with attributes, to a standard ontology. 

 
Figure 3-11. A sketch of a potential ontology pruning interface where concepts can be 

dragged into the 3D design environment from a 2D list-based view. 
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Figure 3-12. A high-level diagram depicting the interfaces between the various required 

components of the proposed framework. 
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CHAPTER 4 
CASE STUDY 

A software prototype of the theoretical tool defined in Chapter 3 will be presented 

in this chapter.  To demonstrate key functionality of this prototype, a simulation and 

visualization was constructed that showcases the important features.  To create this 

case study, the Beneken (1965) cardiovascular model was chosen as the base 

simulation model from which to build an interactive, integrative 3D visualization of the 

human cardiovascular system.  In Section 4.1, the model will be described in detail 

along with some of the model’s lineage and reasoning for why this model was chosen.  

The software prototype and the construction of the simulation and visualization are 

presented in Section 4.2.  In Section 4.3, preliminary human factors are considered, 

including an example lesson based on the resulting simulation and visualization that 

was created by a medical educator.   

4.1 Cardiovascular Modeling 

Many credit Euler (1775) with the creation of the first mathematical model to 

simulate blood flow.  Weber (1850) is often credited for creating the first circulation 

model to employ the hydrodynamic metaphor (i.e., using valves and pumps).  However, 

this introductory discussion will be limited to the history of modeling efforts in 

cardiovascular physiology in the computing age.  

One of the earliest examples of leveraging formal modeling techniques and 

computer technology to simulate a physiological process is the work done by Warner 

(1959).  He employed the power of the electronic analog computer to create two novel 

simulations: one of the carotid sinus (an area of bifurcation in the carotid artery), and 

one of the circulatory system.  The latter is worthy of further explanation due to the 
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implementation of a compartmental model and the adherence to a simulation design 

process that is used today on modern computers.  The “block diagram” created by 

Warner is shown in Figure 4-1.  A set of equations are used at each block to solve for 

blood pressure and blood volume.  Because this model was implemented on an analog 

computer, each equation had to be built as an electric circuit and the continuous outputs 

of these circuits were fed into oscilloscopes for visualization. 

4.1.1 The Beneken Model 

Soon after Warner published his analog-computer-compatible circulation model, 

Beneken submitted a compartmental hydraulic-metaphor model as his PhD thesis 

(1965), which was also primed for analog computation. Beneken found the functions 

that drive the beating of the heart in the Warner model to be problematic because they 

transition too abruptly from systole (contraction) to diastole (relaxation).  As a result, the 

Beneken model contains a smoother cardio controller function.  The model Beneken 

created is shown in 4-2.  The typical set of equations for a compartment in the Beneken 

model account for blood pressure, flow, and change in volume. The pressure,  , in a 

compartment at time   is defined by,  

                  (4-1) 

where   is the elastance of the compartment (a time-variant function for compartments 

representing heart chambers, a constant for the other compartments),        is the 

volume at time   of the compartment, and    is the unstressed volume of the 

compartment. 

The flow, , into a compartment at time   is defined by, 
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(4-2) 

where       is the pressure of the compartment at time  ,       is the pressure of the 

input compartment at time   , and    is the resistance between the compartments. 

The change in volume in a compartment, 
  

  
, at time   is defined by, 

      

  
               

(4-3) 

where      is the flow into the compartment, and          is the flow out of the 

compartment.  

There is also influence from inertia between the concepts intrathoracic arteries and 

extrathoracic arteries.  For a complete description of the remaining equations and 

coefficients, consult Beneken’s thesis (1965).   

4.1.2 The Goodwin et al. and Sá Couto et al. Models 

The Beneken model is still used today as a foundation for new models used in 

simulations for training scenarios.  One such model is for infant cardiovascular 

physiology.  Goodwin et al. (2004) tuned the coefficients defined in Beneken’s adult 

circulation model to estimate the circulation of an infant.  As part of the tuning, for 

example, the total blood volume was decreased from 4740 milliliters to 685 milliliters 

and the heart rate parameter was increased from 72 beats-per-minute to 129 beats-per-

minute.  Other coefficients, such as arterial and venous resistances, were changed as 

well. 

Also using the Beneken model as a mathematical foundation, Sá Couto et al. 

(2006) built models representing four pathologies.  Many pathological models share the 

same compartments as the base physiological model and differ only in connectivity of 
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compartments and placement of resistances and valves. The four pathologies modeled 

by Sá Couto et al. are shown in Figure 4-3. 

4.2 Case Study 

4.2.1 Software Prototype 

A software prototype needed to be created to demonstrate the proposed 

interaction theory using a real-world example. The prototype was coded in C++ and 

leverages the Open-source Graphics Rendering Engine (OGRE, 2012) for managing 

the rendering of textured 3D geometry. OGRE was chosen because it is open-source, 

leverages either the DirectX or OpenGL hardware accelerated graphics libraries, and 

supports the powerful and fast programming language C++.   The prototype runs on 

computers using the Windows 7 operating system.  A depiction of the architecture of the 

software prototype is shown in Figure 4-4.  This architecture is one possible 

instantiation of the high-level architecture presented in Chapter 3.  In the prototype 

architecture, the “simulation solver” component is implemented as a compartmental 

model solver because this is required to execute the Beneken model.  Another 

implementation choice was to encode the ontology in the XML format (notice the XML 

importer and exporter components in Figure 4-4).  XML was chosen because of its 

universal adoption, and because it can be easily understood by future researchers 

continuing work on this topic. 

A screenshot of the created prototype is shown in Figure 4-5 with interface 

components labeled.  A concept named “Concept ” is placed within the visualization 

environment and selected so a translation widget is displayed rooted at the concept.  

The Simulation Control allows users to play, pause, reset, and change the time-scale of 

the simulation.  The time-scale ranges from 0.01 (one one-hundredth real-time) to 1.0 
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(real-time).  The Importer imports ontologies encoded in the XML format.  Conversely, 

the Exporter exports ontologies from the prototype into the XML format.  Concepts are 

created using the concept creator by entering the concept name in the text field and 

then pressing the “+” button.  There is no relationship creator because relationships are 

created in the prototype by the user holding the left mouse button down on a concept 

and then dragging to another concept and releasing.  Relationship types are determined 

through an attribute named type assigned to relationships automatically upon 

creation. 

The Visibility Settings control the visibility of concepts and relationships.  Within 

the visibility settings are: particle visibility that determines if particles are rendered; 

knowledge visibility settings that determine if the ontology structure is visible; a “show 

all” option to determine if concepts are visible even if they have no visible adjacent 

relationships; and a list of current relationships in the ontology with the option to set a 

given relationship type visible or change the color coding of the relationship type.  The 

Attribute Editor displays all of the attributes of a selected concept (e.g., the selected 

concept “Concept” in Figure 4-5) along with the meta-attributes of the selected attributes 

(see the right portion of the attribute editor), and allows for editing of the attributes and 

meta-attributes by a designer. 

4.2.2 Solving the Compartmental Model 

The simulation solver used in this prototype is tailored to solve the Beneken 

model.  With more development effort, this solver could be made to solve any 

compartmental model.  For this case study development effort was spent towards 

showcasing the design affordances of the visualized ontology and to create a complete 

interactive, integrative visualization of the human cardiovascular system, as opposed to 
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creating a general tool.  I consider the creation of a more general tool a promising 

direction for future efforts (see Section 5.2).  The implemented solver looks for the 

required semantics as attributes attached to concepts and relationships in the scene.  If 

these semantics are present when “play” is pressed in the Simulation Control, the 

simulation will execute and, in turn, the visualization will animate.  The required 

attributes are shown in Table 4-1.  The solver uses these attributes as coefficients to 

solve the necessary differential equations of the Beneken model using the forward Euler 

method.  The solver runs in a thread separate from the main graphics rendering and 

user interface thread with a time-step of one millisecond. 

4.2.3. Constructing the Executable Simulation and Visualization 

In this section a step-by-step account of the process of constructing an interactive, 

integrative visualization of the human cardiovascular system is presented.  This 

visualization will include a heart with four chambers that “beat” according to the value of 

the simulation variable volume.  Particle systems will also be attached to the 

relationships of the simulation model to illustrate the dynamics of blood in the arteries 

and veins.  The construction of the visualization will demonstrate the interaction a 

designer can have with the ontological structure in support of design activities.   

To fully relay the interaction and visual dynamics involved in the design process 

described in this section, a video is provided as Object 4-1. 

 

Object 4-1. Simulation and visualization design demonstration video (.wmv file 120 MB). 

 

 

 

http://ufdc.ufl.edu/AA00013204/
http://ufdc.ufl.edu/AA00013204/
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4.2.3.1 Constructing the base model 

The base executable Beneken model is constructed in the prototype by adding the 

10 required concepts (i.e., compartments in the compartmental model) using the 

concept creator, and connecting them with flows to relationships denoting the path of 

blood flow. The flows to relationship type must be used because the solver looks for this 

specific relationship type to solve the model.  In the prototype, relationships denoted as 

flows to are automatically styled with a peach color, but any relationship can be colored 

with any color by assigning an attribute presentation color to the relationship and 

marking it as a variable that is of the vector type to provide red, blue, and green values.  

A snap shot of constructing the base model is shown in Figure 4-6. This snap shot was 

taken as the designer adds a relationship between the Pulmonary Arterial Tree and the 

Pulmonary Venous Tree concepts.    

This model was constructed through collaborations with a medical educator, with 

the end goal being to deploy the constructed visualization in a classroom (see Section 

4.3).  The educator suggested changing several concept names to be consistent with 

current teaching terminology.  This accounts for the difference in some of the concept 

names when comparing the model depicted in Figure 4-6 to the model depicted in 

Figure 4-3.  Further, abbreviations are used in the prototype to minimize visual clutter.  

If a concept has an attribute named abbr, then the value of this attribute will label the 

concept in the visualization environment (e.g., abbr = RV is assigned to the Right 

Ventricle concept). 

Figure 4-7 shows the completed Beneken model, with all the required concepts, 

relationships and attributes added.  The Left Ventricle concept is selected and its 
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attributes are rendered as a list in the Attribute Editor.  The required attributes of 

simulation concepts to properly solve the model are enumerated in Table 4-1.  Some of 

the attributes are shown in the Attribute Dock in Figure 4-7 (flow, volume, pressure, 

elastance min, elastance max).  One technique for the efficient creation of these 

attributes is to: create a super-concept, (e.g., “Beneken Chamber”); add the required 

attributes to this concept; and then attach this concept to the 10 concepts of the 

Beneken model with an is a relationship.  This technique employs the taxonomic 

approach discussed in Section 3.2.3. A distinction should be made on the is a 

relationship so just the attribute types and names are propagated down and not the 

attribute values, as all 10 concepts require different values for these attributes.  A way 

to achieve this implementation detail is to leave attributes blank whose value should be 

over-written.  One could imagine, however, additions to the theory where attributes are 

added to the is a relationship to precisely define the nature of the attribute propagation.  

Once the Beneken model is made executable, dynamics can be explored.  Figure 

3-8 shows the result of expanding the attribute pressure that is attached to the Left 

Ventricle concept.  Once the attribute is expanded it is placed in its parent concept’s 

presentation space (see Section 3.2.8 for a full definition of attribute expansion and the 

display space).  In this case study, variable attributes are rendered as numerical values 

when docked, and interactive plots when expanded.  Expansion is done by the user by 

pressing the left mouse button on the gray pad to the left of the attribute names, and 

dragging this value into the 3D scene, and then releasing.  Once the expanded display 

(the plot in this case) is in the scene, its 2D offset from its parent concept can be 
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changed by dragging the display with the right mouse button.  The display may be 

closed by pressing the ‘x’ button in the upper right corner of the display.   

4.2.3.2 Adding dynamic visualization 

Once the simulation model is defined and its execution provides output that is 

deemed correct, visualization elements can be added to the scene to illustrate behavior 

of certain simulation variables.  This is achieved by adding visual elements as attributes 

to the appropriate concepts, and then linking these visual properties to simulation 

variables through influence attributes.  The visualization to be created for the primary 

case study shall include a beating heart and particles systems attached to the 

relationships between simulation concepts to illustrate the dynamics of blood flow. 

To begin constructing the visualization, a mesh of the heart needs to be placed in 

the scene.  To achieve this, a Heart concept is added to the scene to hold the mesh.  A 

mesh attribute is added to this concept and assigned a value of heart.mesh, and a 

material attribute is added to this concept and assigned a value of heart_new_mat.  

Within the prototype, meshes and material must conform to the OGRE standard of 

.mesh and .material files.  A 3D heart mesh was purchased online and converted to the 

.mesh format using the free 3D modeling and animation package, Blender.  The 

material file heart_new_mat contains a simple definition of material properties that 

account for the red shading of the heart.  This simple coloring may also be achieved by 

adding an attribute of color to the concept. The result of adding the Heart concept and 

the two visualization attributes (mesh and material) is shown in Figure 4-9.  

After the heart mesh is added to the scene, it needs to be semantically linked to 

the simulation model to achieve the beating effect.  This will require linking the heart to 
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its four chambers, all present in the Beneken model.  These chamber concepts are the 

Left Atrium, Left Ventricle, Right Atrium and Right Ventricle.  For demonstration 

purposes, the process of rigging the right atrium of the heart will be detailed.  To start 

the process of rigging, the Heart is linked to the Right Atrium concept through a has a 

relationship.  The designer then positions the Right Atrium concept near the perceived 

center of the right atrium of the heart mesh.  The positioning of the Right Atrium concept 

is depicted in Figure 4-10. 

There is a collection of vertices in the heart mesh that approximate the region of 

the right atrium.  It is this vertex group that should be deformed according to the 

volume attribute of the Right Atrium concept to create a realistic animation of a beating 

heart chamber. A vertex group can be created in the prototype by adding a set of 

influence attributes (introduced in Section 3.2.5) to the Right Atrium concept.  When all 

required influence attributes are present, the vertices bounded by the influence are 

highlighted.  This is depicted in Figure 4-11.  A sphere is used as the default bounding 

volume in the prototype, but as discussed in Section 3.2.5, more complex geometry 

could be used to bound sets of vertices.  Quadratic falloff is employed so vertices closer 

to the boundary of the sphere (i.e., further away from the concept node), will be 

influenced less.  This creates smooth boundary conditions for influence regions and, 

therefore, no hard edges will be created when the heart mesh animates.  Other types of 

falloff could be employed and potentially defined through an influence falloff 

attribute.  Table 4-2 lists all the attributes that are added to the Right Atrium concept to 

achieve the influence.   
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4.2.3.3 Sculpting relationships 

Within a cardiovascular visualization, curved relationships can trace the path of 

blood flow and also serve as the basis of more advanced features.  One feature is the 

ability to create an animation path for particle systems that not only traces blood flow, 

but visually demonstrates the oxygenation of blood, and the pulsation of blood through 

the veins and arteries. Using ontological relationships to represent an abstraction of 

three-dimensional flow requires relationships to be renderable as curves.  To satisfy this 

requirement, 3D spline functionality was incorporated into the prototype.  Splines are 

smooth interpolations of piece-wise linear polynomials (Bartels et al., 1983).  To create 

relationship splines, designers add control points to a control hull of a relationship, and 

then translate these control points to immediately see the resulting curvature.  This 

process is depicted in Figure 4-12, where the curvature of the flows to relationship 

between the Right Ventricle and Pulmonary Arterial Tree is defined.  To create the 

complete visualization, all flows to relationships of the Beneken model should be 

sculpted. In Figure 4-13, the entire model is shown co-located with the heart mesh. 

When implementing such a spline-based system, careful consideration must be 

paid to the frame of the curve.  The frame of the curve is defined by the tangent, normal, 

and bi-normal vectors of the curve at any point (Yamaguchi, 1988).  The frame is 

important because it is used to define the three orthogonal axes required to calculate 

any offset from the curve in 3D space. A simple illustration of the frame is shown in 

Figure 4-14A. Offset calculated using the frame can be used to give a relationship 

“width” (i.e., render it as a tube shape with a particular radius) or to define the offset of a 

particle within a particle system.  Frames must stay oriented correctly across the curve 

to avoid any sudden jumps in the normal or bi-normal.  Sudden jumps in the frame’s 
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orientation will result in a twisting of a curve with any width, and the instantaneous 

jumping of offset particles from one side of the curve to another.     

In the prototype, curved relationships are given width by extruding a square along 

the underlying path, which consists of a set of solved spline points.  To keep the frames 

from twisting (i.e., keep the square extrusion from abruptly twisting around the solved 

path), the technique of rotation minimizing frames (RMF) is employed.  With this 

technique, the tangent vector is calculated as the normalized displacement vector 

between adjacent solved points (Wang et al., 2008).  A depiction of the tangent vectors 

between a series of solved points is shown in Figure 4-14B. The minimum rotation to 

transform one tangent vector to the next is determined, and this rotation transform is 

applied to the previous normal and bi-normal vectors to calculate the next normal and 

bi-normal vectors.  An example of the extrusion twisting and the RMF fix is shown in 

Figure 4-15. 

4.2.3.4 Creating particle systems 

 Particle systems are added to sculpted relationships to visualize the 3D path and 

dynamics of blood flow and show the deoxygenation of blood between the extrathoracic 

arteries and extrathoracic veins.   Section 3.2.7 introduces the idea of leveraging the 

ontology structure as an interface affordance for creating and editing particle systems. A 

particle system is added to each flows to relationship.  Particle systems emit particles 

from the source concept, animate the particles along the curve of the relationship, and 

remove the particles when they reach the destination concept.  The particles within the 

particle system are each a billboarded (i.e., always oriented towards the virtual camera), 

textured plane.  The plane is textured with the value of the particle image attribute 

added to the relationship.  Figure 4-16 shows the image cell.jpg that is assigned to the 
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particle image attribute to texture the particles.  The image is gray-scale and may 

be tinted with a color by assigning a particle color attribute to the relationship.  A list of 

all particle attributes assigned to the 10 edges of the Beneken model is provided in 

Table 4-3. 

Particle attribute values may be bound to values of attributes assigned to both the 

source and destination concepts.  Figure 4-17 shows the result of binding the particle 

color attribute of a relationship to the attribute presentation color in the relationship’s 

source and destination concept.  This results in a linear interpolation of the particle color 

as it traverses the edge. Figure 4-18 shows the result of adding particle systems to all 

10 relationships.  What is depicted in 4-18 represents a completed module envisaged 

by a designer. 

4.2.3.5 Defining the viewer module 

 A designer often has a certain audience in mind when creating visualizations.  

Given this audience, it is up to the designer to choose what interactivity should be 

permitted in the final visualization module, and what attributes should be visible.  Within 

the proposed framework, many attributes will be design-oriented (e.g., consider the 

influence attributes listed in Table 4-1), and not important to an end consumer.  For the 

case study, only the simulation variables volume, pressure and resistance are set 

to “visible in viewer.”  With respect to interactivity, the resistance attributes are made 

adjustable and given a range of 0.01 to 2.0.  A snap shot of the designed visualization 

rendered in the “viewer” modality is shown in Figure 4-19.  The prototype viewer 

provides a subset of the functionality of the prototype designer.  The distinction between 

the two modalities in described in Section 3.2.9. 
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4.2.4 Extensions for Hypovolemic Shock 

 With a base cardiovascular model defined, one can explore augmentations that 

can be used to simulate different pathophysiology or abnormal conditions.   To this end, 

a simulation and visualization of hypovolemic shock was constructed in the designer 

prototype by starting with the base executable simulation model defined in Section 

4.2.3.1.  Hypovolemic shock occurs when there is substantial loss of blood volume in 

the veins.   The shock simulation model contains the following two extensions from the 

base model: an electrocardiogram (ECG); and a mapping of blood volume loss to heart 

rate and the strength of the heart-beat. The ECG was added as an attribute to a Heart 

concept.  The equation used to create a realistic ECG signal was defined by McSharry 

et al. (2003).   

Table 4-4, taken from Lawrence et al. (2006), demonstrates the symptoms of 

hypovolemic shock. To add the effects of this type of shock to the simulation model, 

code was added to the compartmental model solver of the prototype.  This type of 

shock is represented by a conditional function with the percentage ranges defining the 

condition.  This needed to be partially “hard coded” because the equations as attributes 

feature (discussed in Section 3.2.2), does not support conditional formulations in its 

current state.    

  The two influences in the hypovolemic shock case study are shown in Figure 4-

21. The volume of the heart (calculated by summing the volume of all the heart’s 

subcomponents) is linked to the scale. The volume of the heart in the range (200ml, 

600ml) is mapped to a scale in the range ([1.0,1.0,1.0], [1.3,1.3,1.3] ). This results in a 

beating effect that can visually relay the pulse frequency and strength. As also depicted 

in Figure 4-21, total blood volume is mapped to the color of the skin. The blood volume 
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influence ranges from 4240 ml (a normal amount of blood for an adult male) to 2500 ml. 

The skin color ranges from [red: 0.83, green: 0.82, blue: 0.81] (very pale) to [red: 0.86, 

green: 0.72, blue: 0.63] (a typical Caucasian skin tone). The result of these influence 

additions are shown in Figure 4-22. 

When the shock simulation is executed, the equations in the model are solved and 

total blood volume is used to scale the ECG output (much like it is used to color the skin 

of the human body). This linkage results in a weakened ECG signal as blood is drained.  

Clearly, a medical domain expert would desire a more sophisticated and accurate 

linkage of physiological parameters to ECG output, but this example demonstrates how 

using equations as attributes can enable executable ontology-based simulation models 

that cross mathematical paradigms. 

4.3 Preliminary Human Considerations 

A theoretical framework was described in Chapter 3.  Future work that builds on 

this framework should be informed by user feedback because the ultimate goal is to 

make visualization construction and consumption simpler for the end user compared to 

current techniques.  Two types of feedback were sought out: student feedback on the 

ontology-enabled visualization consumption interface; and expert feedback on ontology-

enabled visualization construction interface.   In support of both surveys, an example 

lesson plan was created through collaborations with a medical educator, Dr. Juan 

Cendan of the University Of Central Florida College Of Medicine, who provided the 

introductory narratives and questions for the lesson.  The lesson plan presents two real-

world scenarios, and then guides participants through the functions of the viewer 

prototype loaded with the Beneken executable simulation and visualization of human 

cardiovascular system.  The lesson plan serves as a tutorial for the prototype’s function 
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and also as a learning module.  The complete lesson plan is presented in Appendix A.  

The lesson plan was encoded in a webpage and rendered in a side panel of the 

software prototype, as depicted in Figure 4-23.  For the purpose of the study, the 

prototype software was referred to as KOG (Knowledge, Ontology, Graph). 

4.3.1 Student Survey 

Second year medical students at the University of Central Florida were presented 

with the option to participate in a study that compares two modules for teaching 

cardiovascular function.   Students that participated in the study were given a pre-test 

assessing their general second year medical knowledge, randomly given one of the two 

learning modules with built-in lesson plan, and then given a post-test which contains the 

same questions as the pre-test but in a different order.  No time constraints were placed 

on participants and time spent with the module was not tracked.  Study enrollment was 

low, so a full statistical comparison of the modules was not viable.  Presented in this 

section are the responses to the open-ended survey questions of the four students that 

performed the study with the KOG viewer.  The results are as follows:   

Q1: Do you find this educational software to be different from tools you have used in the 
past to learn physiology? 
 

All four students said “Yes.” 

Q2: If you found this educational software to be different, please elaborate on the 
differences. 
 
Student 1: It is the most interactive form of learning and encourages self-directed 

exploration. There aren't very many other ways to explore all of the 
multiple ways you can view the heart's functions (PV loops, EKG, BP...) 
when you affect flow or HR. 

Student 2: Using this technology required a knowledge of what the components in the 
loop were. Higher level of understanding of the anatomy was required. 

Student 3: More interactive. 
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Student 4: It was very interactive. I like the possibility to see how one parameter 
affects the other. Instead of reading the text I could easily see the relation. 

Q3: Do you believe this educational software can provide any benefit to the learning 
experience? If so, please elaborate. 
 
Student 1: Yes! 

Student 2: Yes, these tools are good to use if given appropriate scenarios 

Student 3: Yes, but I would have gotten more out of it if this was a required SLM [Self 
Learning Module] or information was to be used for testing purposes 
because I probably would have spent more time with it.   

Student 4: Yes, it is helpful. I would follow up the quiz questions with quick 
explanation though. 

Q4: Please provide any additional feedback you may have on the content or technology 
that was just presented to you. 
 
Student 3: I liked the technology and content.  However, I didn't think the pre and 

post test questions were reflective of content that would be learned with 
this presentation. 

Student 4: The first time I used it was a little confusing because there were so many 
instructions. The second scenario was much easier and faster to navigate. 
Once you go beyond learning how to use the software it becomes very 
helpful. 

 

There are several observations of the student response I think are worth further 

consideration.  First, Student 2 noted the technology required knowledge of “what the 

components in the loop were” and that a “higher level of understanding of the anatomy 

was required.”  This comment suggests that an understanding of anatomy was required 

to effectively use the tool’s interface.  Such a linkage of abstract and concrete 

knowledge was explored by Quarles et al. (2008) with respect to anesthesia machine 

function.  The viewer prototype could be used to run a similar study with respect to 
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anatomy and physiology.  Such a study would explore any benefits or downfalls of the 

integrative visualizations constructed with the proposed approach.  

Secondly, all four students reported the tool could benefit the learning experience, 

but three out of four mentioned that for the tool to be useful, it needs to be integrated 

into pedagogy by an instructor.  This early feedback suggests that, at least in the 

context of medical education, these types of simulation-based visualizations are likely 

not to be leveraged in an exploratory manner by most students.  

Lastly, in Student 4’s additional feedback, it was claimed that they learned the 

interface after performing just one scenario, stating “the second scenario was much 

easier and faster to navigate” and the software became “very helpful.”  For this student, 

the labeled ontology served as an interface that could be learned quickly and permitted 

fast, intuitive access to desired information (in the form of attributes). From a 

perspective of visualization consumption, the 3D ontology graph could prove to be a 

highly effective interface.  To make this claim, a new study will need to be performed.  

This is a challenging task, however, because there are no current standards employed 

by educational visualizations that could be compared to the ontology-based method.  

One potential approach is to collect a large sample of visualizations (possibly freely 

available online) that explore the same basic phenomenon and have a group of 

students perform a lesson with each module, including the ontology-based approach. 

4.3.2 Expert Survey 

 Five experts took part in a survey that aimed to assess the prototype viewer and 

also the design theory employed by the proposed framework.  Consider an “expert” to 

be someone working in medical education as an instructor or engineer in a medical 

research lab that would potentially leverage visualizations in their work.  Each expert 



 

106 

was presented with a 12 minute video demonstrating the design features of the 

proposed framework.  In the video, the process of constructing the Beneken beating 

heart visualization is illustrated.  The video is provided as Object 4-1. 

After watching the video, the expert was given a link to download and install the 

same prototype viewer provided during the student survey (see Section 4.3.1).  The 

time participants took with the prototype viewer was not tracked. Three medical faculty 

members and two engineers from research labs took part in the survey.  The template 

expert survey provided by Ravden et al. (1989) was used and the complete results are 

presented in Appendix B.  In this section an overview of the responses will be given 

along with an analysis. 

The overall expert response to the presentation (i.e., the video and viewer 

prototype) was promising.  It was stated that “there is potential here,” “there is a lot of 

versatility in the animation system and infinite uses by the look of it,” and that there are 

“many ‘experiments’ that can be done.”  It was also mentioned that “an orientation of 5 

minutes with students would be enough to navigate this.”  An engineer referred to the 

system overall as “very intuitive.”  These positive responses are encouraging, but the 

major reason for performing this survey is to seek out valuable criticism from the 

experts. 

Much of the critical feedback from the experts pertained to their experience with 

the viewer prototype, and not the design concepts presented in the video.  This is 

understandable because they were able to interact with the software prototype and had 

a more passive experience with the content in the video.  I believe this is indicative of 

the challenge of trying to assess preliminary technology in non-interactive form (e.g., 
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paper mock-ups, videos).  There was, however, one important critique of the design 

theory presented to the experts.  Two of the medical faculty noted that the design 

language in the video was not intuitive for non-programmers.  While technical 

programming concepts were not mentioned in the video, there were computer graphics 

terms that may be unfamiliar to some domain experts (e.g., “mesh,” “vertices,” “control 

points”). This feedback specifically from the medical faculty suggests that even though 

all participants were able to effectively consume the interactive visualization, the 

process of designing may still remain predominantly an engineering practice.  Findings 

from this survey inform a placement of the proposed framework within the current 

visualization construction pipeline.  This placement is discussed further in Chapter 5 

along with future directions for research. 

4.4 Summary 

In this chapter, a case study was detailed that demonstrates the theory 

presented in Chapter 3.  Preliminary human considerations were also discussed based 

on the results of two surveys.  The case study, a simulation and visualization of the 

human cardiovascular system, demonstrates a series of steps to facilitate simulation 

and visualization construction by leveraging domain knowledge.  A compartmental 

model is constructed and additional visualization semantics are attached to the model.  

There are other sequences of interactions carried out by the domain expert that can 

result in the same dynamic visualization. One could start with an existing ontology and 

augment this with simulation semantics and graphical objects.  Conversely, the graphics 

(3D and 2D media) could serve as a starting point and ontological structures, including 

dynamics, could be added.  The approach taken will depend on the resources of the 
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domain expert and what co-interaction between the three model types (ontologic, 

dynamic, and graphic) is envisioned. 
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Table 4-1. The semantics required to recreate the 10-compartment Beneken model of 
the human cardiovascular system. 

Attribute 
Parent 
Structure 

Description 

volume Concept The blood volume in a chamber. 
pressure Concept The blood pressure in a chamber. 
flow Concept The out flow of blood in a chamber. 
unstressed volume Concept The unstressed volume of a chamber.  
elastance Concept The elastance of a chamber. 
elastance min Concept The minimum elastance of a chamber of the 

heart. 
elastance max Concept The maximum elastance of a chamber of the 

heart. 
inertia Relationship The inertia value which should be placed 

between intrathoracic arteries and 
extrathoracic arteries. 

valve Relationship The attribute that determines if a relationship 
has a valve. 

valve open factor Relationship The factor in which to multiply flow rate if the 
relationship has a valve and the valve is 
open. 

valve close factor Relationship The factor in which to multiply flow rate if the 
relationship has a valve and the valve is 
closed. 

 
 
 
Table 4-2. Influence attributes added to the Right Atrium concept to drive the animation 

of the right atrium portion of the heart mesh. 

Attribute Type Value 
influence radius Variable, Scalar 0.43 
influence source Basic Volume 
influence destination Basic Scale 
influence source min Variable, Scalar 0 
influence source max Variable, Scalar 320   
influence destination min Variable, Vector 0.7,0.7,0.7 
influence destination max Variable, Vector 2.2, 2.2, 2.2   
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Table 4-3. Particle system attributes added to flows to relationships. 

Attribute Type Value 
particle emission Basic Flow 
particle image Basic Cell.jpg 
particle color Basic Presentation color 
particle emission factor Variable, Scalar 1.0 
particle random offset Variable, Scalar 0.2   
particle wander interval Variable, Scalar 6 
particle random offset Variable, Scalar 0.2   

 
 
 
Table 4-4. The effects of hypovolemic shock as illustrated by Lawrence et al. (2006). 

Blood loss 
amount 

Blood Pressure Pulse Skin 
Vasoconstriction 

Urine Output 

≤10 % NL NL NL Flow 
20% ↓ ↑ ↑ ↓ 
30% ↓↓ ↑↑ ↑↑ ↓↓ 
50% ↓↓↓ ↑↑ ↑↑↑ ↓↓↓ 
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Figure 4-1.  A block diagram model created by Warner (1959) to simulate blood 

circulation. 

 

 
Figure 4-2.  The Beneken (1965) compartmental model for blood flow. 
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A  B  

C  D  

Figure 4-3. Pathology models by Sá Couto et al. (2006).  See Figure 4-2 for a key of 
symbols and compartment names. A) Patent ductus arteriosus. B) Tetralogy 
of Fallot. C) Coarctation of the aorta with patent foramen ovale and a small 
patency of the ductus arteriosus. D) Transposition of the great arteries with 
septal defects. 
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Figure 4-4.  The architecture of the software prototype created to demonstrate the 

proposed theory.  This architecture is an instantiation of the high-level 
architecture presented in Chapter 3.   

 

 
Figure 4-5.  A screenshot of the prototype.  The yellow text labels the different 

components of the user-interface.  A single concept name “Concept” is 
selected and its attribute named “attribute” is selected in the attribute editor. 
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Figure 4-6.  A snap shot of building the Beneken model.  The designer adds a 

relationship between the Pulmonary Arterial Tree concept and the Pulmonary 
Venous Tree concept to denote blood flow. 

 

 
Figure 4-7.  The complete Beneken model created with the software prototype.  The 

Left Ventricle is selected so a translation widget appears rooted at this 
concept.  All attributes of the Left Ventricle are also shown in the Attribute 
Editor.   
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Figure 4-8.  The Beneken model executing in the software prototype.  The attribute 

pressure of the Left Ventricle concept is expanded. 

 

 
Figure 4-9.  The result of adding a Heart concept and assigning it a mesh and material 

attribute. 
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Figure 4-10.  A snap shot of the prototype while a designer positions the Right Atrium 

concept to be within the heart mesh.  The Heart is linked to the Right Atrium 
through a has a relationship, which is colored blue in the prototype. 

 

 
Figure 4-11.  The influence of the Right Atrium concept over the heart mesh.  Concepts 

and relationships not involving has a semantics are hidden in this view as 
determined by the settings in the View Settings interface (lower left). 
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Figure 4-12.  Three snap shots of a designer forming a curve from the flows to 

relationship between the concepts of Right Ventricle and Pulmonary Arterial 
Tree.  Control points are added to the relationship to form a hull that defines 
curvature (left).   The control points can be translated to change the 
relationship’s curvature (center, right). 

 

 
Figure 4-13. The complete Beneken model co-located with the heart mesh in 3D.  

Concepts are color coded based on whether blood in the corresponding 
chamber is oxygenated (red is oxygenated, blue is deoxygenated).  
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A  

B  

 
Figure 4-14.  The frame of a curve.  A) An illustration of the frame of a curve, including 

the tangent (T), normal (N), and bi-normal (B) vectors. B) A “zoomed-in” view 
of a solved spline.  Solved spline points are connected by line segments. 
Once normalized, these segments can be used as tangent vectors when 
calculating the frame of the curve at a given point.  Given the tangent, the 
rotation minimizing frame technique can be used to calculate the normal and 
bi-normal. 

 

A  B  
 

Figure 4-15.  The result of using the rotation minimizing frame technique.  A) An 
arbitrary source vector (e.g., <0,1,0>) is used in the frame calculation to 
extrude a  square along a curve to create thickness.  An undesirable twist of 
the extrusion is highlighted.  B) The same curve, without the twist, when the 
rotation minimizing frame technique is employed. 
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Figure 4-16. A 32x32 pixel image, cell.jpg, used in the creation of particles for the case 

study.  The black in the image maps to transparency.  An image is assigned 

to a particle system through the particle image attribute.    

 

 

 
Figure 4-17. A particle system animates between the Extrathoracic Arteries and 

Extrathoracic Veins concepts. 
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Figure 4-18. The complete Beneken model co-located with the heart mesh in 3D.  

Concepts are color coded based on whether blood in the corresponding 
chamber is oxygenated (red is oxygenated, blue is deoxygenated).  

 

 
Figure 4-19. A snap shot of the designed visualization rendered in the prototype viewer.  

A user drags a slider to manipulate the resistance between the extrathoracic 
arteries and extrathoracic veins.  
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Figure 4-20. A snap shot of the Beneken model co-located with heart and human body 

3D geometry.  A flows to edge is selected and its control hull is made visible.   

 

 
Figure 4-21. An illustration of two influences added to the concepts Heart and Human 

Body within the shock visualization. 
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Figure 4-22. A simulation and visualization of hypovolemic shock over time.  The 

human’s skin tone becomes less saturated and the heart beat weakens.  

  

 
Figure 4-23. The viewer prototype with lesson plan that was distributed with the student 

and expert surveys. 
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CHAPTER 5 
CONCLUSIONS 

In this dissertation a new interaction theory was presented that connects 

simulation model building and visualization construction activities at the user-interface 

level.  The theory is built around an interactive 3D graph structure:  a visualization of an 

augmented ontology.  The motivating claim for this work is: a three-dimensional 

visualization of the domain-ontology can serve as a central user interface structure to 

connect simulation modeling and visualization construction activities and allows domain-

specific semantics to guide the interactive modeling process.  Such an interface may 

improve the simulation and visualization construction pipeline by allowing simulations 

and visualizations to be constructed in a more efficient manner compared to current 

techniques.  The interface could also open simulation and visualization design and 

consumption to a wider audience. 

The ontology visualization, with concepts, relationships, and attributes, can 

encode domain specific semantics in a format that is machine-processable and also 

understandable by the domain experts.  In the defined interface, the visualization of an 

ontology as a 3D graph serves to anchor other visualization elements such as meshes 

and variable plots. Relationship visualizations can be sculpted to trace meaningful 3D 

paths within the visualization environment for particle systems and other animated 

objects. To demonstrate the methodology, a software prototype was created. In turn, an 

executable simulation and visualization of the human cardiovascular system was 

created with the prototype.  I believe this case study presented in Chapter 4, along with 

the structural and semantic affordances presented in Chapter 3 make a strong case for 

the proposed interface and justify future efforts toward expanding this work.  
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Research and development of the ontology-based interaction theory and 

preliminary feedback has led to a projection of how such a framework could be utilized 

in present day visualization construction efforts.  Currently, if a domain expert wishes to 

create a visualization of a dynamic process, they must work with engineers to build the 

visualization and create any executable simulation models.  This process is depicted in 

Figure 5-1A. A domain expert presents a design (represented by a paper sketch in the 

figure) to a visualization expert.  The visualization expert builds the visualization by 

synthesizing a set graphical resource with executable interaction and simulation 

models.  The visualization expert may need to employ an engineer with simulation 

expertise to fully implement the simulation.  This additional expertise is represented 

under the generic label of “software engineer” in Figure 5-1 and manifests in many 

forms (e.g., such as through pre-coded modules found online, and through 

collaborations with a simulation specialist).  Also worth noting is that what is being 

distinguished in this description is “expertise.”  It is possible for one person to possess 

one, two, or all three of the required skill sets for visualization construction. 

By leveraging the framework proposed in this dissertation, the construction 

process could be improved by lessening the effort required by the computer engineering 

expert and afford the domain expert more creative control over the final visualization 

module.  This improved process is presented in Figure 5-1B.  The computer engineer 

needs to create a customized simulation solver for the domain of interest and pass it to 

the visualization expert.  The visualization expert then can build the visualization with 

the ontology-centered tool and give this “first draft” visualization to the domain expert.  

The domain expert can finely tune the influences between simulation and visualization 
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and any required simulation coefficients.   The tuning by the domain expert is 

represented by the “refinement” loop in Figure 5-1B.  The end goal of this work is 

depicted in Figure 5-1C, where a domain expert constructs an interactive, integrative 

visualization independently.  In this process, the domain expert has complete 

expressive freedom and does not require the resources of the visualization and 

computer engineering experts. 

Future work to expand on the theory and framework presented in this dissertation 

falls into two categories:  human-computer interaction studies, and technical 

enhancements.  Studies could be run that expand on the preliminary studies presented 

in Section 4.3. Such a study is currently underway at the University of Central Florida 

College Medicine.  This study replicates the procedure of the student survey that was 

carried out during this work, but is being administered to more participants.  The study 

also includes questions that will be used to compare the ontology-based visualization 

viewer to the learning modules currently used by the College of Medicine instructors.  

The goal of this study is to identify which characteristics of integrative visualizations are 

useful for various educational purposes. 

With respect to technical enhancements, the prototype can be developed further to 

allow for general simulation model building within a particular modeling paradigm (e.g., 

compartmental modeling). This was not done during this dissertation because of the 

development effort required to create a general purpose solver.  However, with much of 

the other required development (e.g., coding of the rendering and interaction system) 

complete, this may be a viable option for future work.  A general version of the ontology-

based designer prototype could be deployed to experts and the expert survey from 
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Section 4.3.1 could then be carried out again, replacing the video demonstration that 

was used with a fully functional designer prototype.   

Collectively, this proposed future work could help further define the strengths and 

limitations of the approach.  Thus far the strengths have been identified as: the domain-

semantics based interface; and simulation modeling and visualization construction 

activities taking place in the same 3D interaction space.  Limitations have been 

identified as: the approach may not scale well to large visualization scenes with many 

concepts and simulation rules; and certain required computer graphics concepts may 

still be prohibitively advanced to be employed by domain experts.  By considering the 

strengths and limitations identified thus far and by future work, a designer should be 

able to make an informed choice as to whether or not the ontology-based visualization 

tool should be used to build the visualization in mind. 
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A  

B  

C  
 

Figure 5-1. Various engineering processes for constructing simulation-based 3D 
interactive visualizations. A) The approach with current tools. B) A 
compressed approach that could be used with the current version of the 
ontology-based framework.  C) The ultimate goal and reason to continue this 
work. 
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APPENDIX A 
EXAMPLE LESSON 

In this appendix, a lesson plan is presented that was created in collaboration with 

a medical educator.  The target audience for this lesson plan is second year medical 

students. The lesson was displayed in a side panel of the software prototype and 

students were asked to complete the lesson as part of a survey.  The lesson is 

formatted here in a manner similar to how it was rendered within the prototype, with 

figures in-line. 

Welcome  

Thank you for taking part in this survey. This sidebar contains a sample lesson created 

by a physiology instructor. The lesson leverages the KOG visualization and serves as 

an introductory tutorial to the KOG Viewer user interface. Please go through the lesson. 

You do not need to answer the questions in the lesson, but you may do so if you would 

like.  

 

Sample Lesson 

A 24 year old 3rd year medical student enters the operating room for the first time and 

passes out. The mechanism of syncope is due to stimulus of the nucleus tractus 

solitarius of the brainstem resulting in simultaneous enhancement of parasympathetic 

nervous system tone and withdrawal of sympathetic nervous system tone.  

 

You will examine the two subcomponents of this response in this simulation 

exercise.  
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1 On one end of the spectrum is the cardioinhibitory response, characterized by a 

drop in heart rate (negative chronotropic effect) and in contractility (negative inotropic 

effect) leading to a decrease in cardiac output that is significant enough to result in a 

loss of consciousness. It is thought that this response results primarily from 

enhancement in parasympathetic tone. 

 

1.1 Start the simulation 

 

1.1.1 Press the Play button in the Simulation Control Dock to begin the simulation. 

Notice the heart should start beating. You can change the perspective of the heart by 

using the camera controls (click in the scene and then hold ALT to see controls). Press 

CTRL + R at any time to reset the camera position. 

 

1.1.2 Expand the View Settings Dock. 

 

1.1.3 In the View Settings Dock, check "Knowledge" to show anatomical concepts and 

"Flows To" to show blood flow relationships. 
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1.2 Display the baseline features 

 

1.2.1 Select the Heart node (click it with the left mouse button and it should turn yellow). 

 

1.2.2 Expand the Attribute Dock. 

 

 

1.2.3 Drag and drop the ECG field into the scene. NOTE: Plots can be removed by 

pressing the 'x' in the upper right corner of the plot. Plots can be moved by dragging the 

plot with the right mouse button 
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Press and hold the right mouse button to move plots. 

1.2.4 Select the Human Body node and drag the Blood Pressure (BP) plot into the 

scene. 

 

1.2.5 Select the Left Ventricle (LV) and drag the 'pressure' plot into the scene. 

 

1.2.6 Now drag volume of the Left Ventricle (LV) onto the x-axis of the pressure plot. 

This creates the P-V loop. Remember that you can always remove the plot and start 

over if a mistake is made. 
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1.2.7 Now the simulation should be executing (the heart should be beating) and you 

should have three plots in your scene. Remember you can control the perspective on 

the heart by moving the camera (hold ALT to see the camera controls) and you can 

move the plots by right clicking anywhere on the plot and dragging. 

 

1.3 You are now ready to answer Question 1. Question 1 requires you to change the 

heart rate. To do so you will need to use the slider for heart rate that appears in 

the Attribute EditorDock when the Heart node is selected. Please answer Question 1 

now. 
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Question 1 

Interact with the visualization using the variable plots and sliders to answer the following 

questions.  Be sure to "submit" your responses before moving on. 

 

1A. What happens to the Blood Pressure when the HR=150?  

 

1B. What happens to the BP when the HR =50?  

 

1C. As the heart rate increases, what happens to the amount of blood pumped, per 

stroke, by the left ventricle?  

 

1D. As heart rate increases, which component of the ventricular cycle is most affected: 

Ventricular filling or emptying?  

 

2 On the other end of the spectrum is the vasodepressor response, caused by a drop in 

blood pressure (to as low as 80/20) without much change in heart rate. This 

phenomenon occurs due to vasodilation, probably as a result of withdrawal of 

sympathetic nervous system tone. 
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2.1 Start or Reset the simulation. 

 

2.1.1 If you are continuing this exercise from Question 1 then you can simply reset the 

simulation (see image below for reset button). The variable plots will stay in the scene 

but simulation parameters will be reset. 

 

2.1.2 Make sure "Knowledge" and "Flows To" are both set to visible (see 1.1.2) in 

the View Settings Dock. 

 

2.1.3 If you are starting this part of Scenario 1 with a freshly opened copy of KOG (your 

plots from part 1 are no longer visible), then you will need to add the following variable 

plots to the scene: 'BP' from the Human node, 'ECG' from the Heart node, and create 

the P-V loop from the Left Ventricle (LV) node (see 1.2.5 and 1.2.6). 

 

2.1.4 Press Play to begin the simulation. 

 

2.1.5 At any time you may adjust the simulation speed using the slider in the Simulation 

Control dock. The range is from 0.01 (one-hundredth the speed of real-time) to 1.0 

(real-time). 
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2.1.6 You should now see a beating heart and with three variable plots in the scene. 

Remember you can move the camera (press ALT to see controls) and move the plots 

(Right click and drag the plots) at any time. 

 

2.2 You are now almost ready to begin Question 2. To answer Question 2, you will need 

to change peripheral resistance (the resistance between the Extrahoracic Arteries and 

the Extrathoracic Veins). 

 

2.2.1 To access peripheral resistance, select the edge between Extrahoracic Arteries 

and the Extrathoracic Veins. 

 

2.2.2 To modify peripheral resistance, use the slider for resistance in the Attribute 

Editor Dock. 

 

 

2.3 You are now ready to answer Question 2. Please do so now. 
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Question 2 

2A. What happens to the Blood Pressure when peripheral resistance is very low (0.5)? 

 

2B. What happens to the BP when the resistance is elevated (2.0)?  

 

2C. Return to the low resistance state (0.5) and compound that with a low heart rate 

(50). What happens to the blood pressure now?  

 

2D. Now, increase the resistance to 2.0 but keep the heart rate at 50. What happens to 

the blood pressure? Which component appears to have a more substantial effect?  

 

2E. Feel free to investigate the interplay between heart rate, peripheral resistance and 

blood pressure. You can report other relationships to us in the text box below. 

 

Final Thoughts 

The majority of people with vasovagal syncope have a mixed response somewhere 

between or as a combination of these two ends of the spectrum.  

 

Exploratory 

You may continue to explore the visualization. Every 'flows to' edge has a resistance 

variable that can be modified.  
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APPENDIX B 
EXPERT SURVEY RESULTS 

Results from an expert survey about a case study on the proposed framework are 

presented in this appendix.  Three medical faculty and two engineers took part in the 

survey. 

What are the best aspects of the system? 

Medical Faculty 1: Best aspects are that there is potential here.  It is also a relatively 
simple model which can be good or bad. 

Medical Faculty 2: It allows you to modify a parameter and see the interplay with other 
factors in the loop. 

Medical Faculty 3: There is a lot of power in the physiological model and many 
"experiments" that can be done.  There is obviously a lot of 
versatility in the animation system and infinite uses by the look of it.  
The ability to visualize - to see real-time changes and make 
observations is very important. 

Engineer 1:  Good visual representation of heart.  Very intuitive. 

Engineer 2: Being able to manipulate variables, thinking about what I want to 
see. 

What are the worst aspects of the system? 
 
Medical Faculty 1: Lacks the ability to stop at certain points for students to record 

average pressures, or to calculate variables when things have 
changed.   

Medical Faculty 2: Cannot display timing markers on graphs to coordinate time on one 
loop vs another (or with the ECG). 

Medical Faculty 3: Not completely intuitive how to include charts in the animation - 
needs the instruction sheets. 

Engineer 1: Artery to vein that we adjusted pressure in could use a visual 
representation like a vessel that gets bigger and smaller depending 
on resistance. 

Engineer 2: Spending time getting numerical values from the graph. Although I 
could have estimated much faster. 
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Are there any parts of the system which you found confusing or difficult to fully 
understand? 
 
Medical Faculty 1: The demo video is in "programming" language and the actual 

development is not useful to a basic scientist. The terms do not 
mean much to me.   

Medical Faculty 2: Would be helpful to have numbers from graphs/loop display at side 

Medical Faculty 3: Not really - some of the terminology is not intuitive for someone 
who is not a programmer but this was not a problem from the user 
perspective when doing the exercise. 

Engineer 1: Visually it is easier for me to see the name of the attribute next to 
the axis it is plotting vs. seeing them both below the x-axis.  Not 
that big of a deal 

Engineer 2: It’s been awhile since I've seen pressure-volume loops. I had to 
Google that just to be certain.  But that is the beauty of this kind of 
learning, I could read about it and mess around with it at the same 
time. 

Were there any aspects of the system which you found particularly irritating 
although they did not cause major problems?  
 
Medical Faculty 1: Not being able to stop to collect number data or to overlay PV loops 

to compare before or after a condition/treatment.   

Medical Faculty 2: Cannot start knowledge section without turning off ALT control box.  
Print is small.  Do not see an option to enlarge. 

Medical Faculty 3: It may be better to have a separate panel of icons to drag graphs 
into the animation. 

Engineer 1: No ability for Y axis look inversion makes it very difficult for me to 
navigate. (I always use inverted look). 

Engineer 2: I made some mistakes and couldn’t go back, I had to restart.  – I'd 
like to see default values marked.  – I was changing the graph 
scales, and there was some funny behavior; I could not use the 
number pad.  – I’d like to see units (mmHg?  probably)  what are 
units of stoke volume?  CC? Seeing this I don’t know. 

What were the most common mistakes you made when using the system?  
 
Medical Faculty 2: Remembering function of mouse and key settings 
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Medical Faculty 3: I had to check back on the instructions once or twice to figure out 
how to alter resistance if I was just working in another area like 
heart rate - but this was OK after using the system for a few 
minutes. An orientation of 5 minutes with students would be enough 
to navigate this. 

Engineer 1: Only mistake was inverting the plot for x and y axis on the 
pressure/volume curve. 

Engineer 2: Not enough mistakes to have a most common one.  I built the PV 
loop the other way around once so the axes were reversed. If this 
were a public, live teaching tool, that should be allowed - but not 
without a note that appears for "common settings" Similar to a note 
for default settings in the user adjustable variables. 

What changes would you make to the system to make it better from the user’s 
point of view?  
 
Medical Faculty 1: If a basic scientist were to use it, it should be in terms of how we 

can modulate. Not sure if it's meant for a programmer to maintain or 
a basic scientist. 

Medical Faculty 3: Have an interface to select variables like pressure, volume, flow 
without having them hidden one step away inside another panel? 

Engineer 1: Y axis look inversion ability. Y value units next to the Y axis. 
Dropping Y value next to the Y axis. 

Engineer 2: Click on any point on the graph, see the (y) value with units. 

Do you currently leverage 3D visualizations in your work?  Why or why not?  
 
Medical Faculty 1: Currently, no as physiology is more concept based and less 

dependent perhaps on 3 D.  It could be more beneficial in other 
systems such as the kidney.   

Medical Faculty 2: Yes. 

Medical Faculty 3: Yes - we use them more for anatomical work at present but 
incorporating physiology is excellent - student need to integrate 
structural relations with function.  Nice work 

Engineer 1: Yes.  Mixed reality simulation. 

Engineer 2: Yes, it’s the only way to fly. 
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