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Preface

This research designed and implemented a reusable model for I stributed Interactive
Simulation (DIS) visual simulations on Silicon Graphics machines using the Iris Performer
library. The model was implemented in C++ using extensicn by inheritance to provide a
customizable simulation architecture. The model was applied successfully to four simulation
projects to reduce their development cycle time and increase their capability.

The visual simulations implemented using the architecture met many goals for
capability, adaptability, and maintability. The student developers using the architecture all
reported good productivity due to the object oriented nature of the architecture. Since this
research hias the potential for creating new simulation applications quickly, it should be a focus for
future resez - h efforts aimed at bettering the capability of DIS visual simulations.

T owe many thanks for the help and encouragement I received in doing this research. I
would like to thank Lt Col Pat Lawlis for letting me have the freedom to explore my ideas and
for helping me in gaining acceptance for them. Also, she helped keep my research focused and
on track. I'thank Lt Cols Phil Amburn and Martin Stytz for trusting in the promise of object
oriented design and reuse, and trusting me with the core of their simulation projects. I thank
each one of the student developers, Maj Mike Gardner, Capt Matt Erichsen, Capt Bill Gerhard,
Capt Brian Soltz, Capt Kirk Wilson, and Capt Andrea Kunz for trusting their projects to an
unproven idea and putting up with configuration woes. I also received much help from Mike
Jones of Silicon Graphics, who always had the answer for my Performer questions. Finally, I
thank my wife Roseanne and Jonathan and Timothy for their patiance and understanding when
I had to work and couldn't be with them.

Mark I. Snyder
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Abstra

This research designed and implemented a reusable Disiributed Interactive Simulation
(DIS) visual simulation architecture for Silicon Graphics platforms. The goal was to research
software architecture technologies and to create a design and implementation using these ideas.
The architecture was designed using object oriented techniques to provide the ability to
customize it via inheritance extension. The resulting design was implemented using C++ and
applied to several DIS visual simulation projects in the Graphics Lab at AFIT. The
architecture, named ObjectSim, was successful in its goal of providing a reusable core for the
DIS visual simulation projects in the Graphics Lab at AFIT. It provides simulation developers
reusable capabilities in the areas of rendering , data display, device interfacing, and DIS
network interfacing. The projects designed and implemented with ObjectSim exceeded their
research goals. Data on reuse effectiveness and several different performance areas was

collected.




| Introducti~n

1.1 Overview

This research investigated methods of improving the process of creatin g visual simulations. I
designed a reusable software analysis and design model on which to base current and future
visual simulations, and implemented this model using the C++ language. This research used the
latest high performance software and hardware tools from Silicon Graphics, Inc. to aid in the
implementation. The results of this research, in the form of reusable analyses, designs, and

software, are a basis for future work in visual simulation.

1.2 Rescarch Motivation

The Air Force Institute of Technology (AFIT) is involved in research to help determine
military uses for rapidly evolving visual simulation technology. A visual simulation is a computer
generated environment that allows a human participant in a simulated reality to see objects in the
simulation as if the participant were actually there. Examples include flight simulation, a
simulated view from a tank or a ship, or a simulated automobile. In the Graphics Lab at AFIT,
several simulations exist or are being developed which use this technology (Figure 1). Since the
lab is working on so many similar projects, there are many benefits to be gained through software
reuse.

Though reuse has been applied to the efforts in the Graphics Lab in the past, no methodology
or process existed to organize or foster reuse of past work in a standard way. Since thesis
students have limited time to bucome experts in graphics programming, the more past effort they

can reuse, the more they accomplish in their research. These two factors led to the formulation of
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a small research group to work specifically in the Graphics Lab to apply software engineering
methods. The gnal was to improve the software designs, software maintainability, and student

productivity in the simulation research efforts . This research was a part of that group's effort.

Chort Term

Existing Long Term Future Long Term (non-thesis)
Synthetic Battle Red Flag Tomorrow's
Bridge Display Reality Gallery

Virtual
Cockpit

Satellite
Modeler

Figure 1 - AFIT Visual Simulation Projects

Extended
Capability

Creating a visual simulation has traditionally been a lot of work. These simulations require
complex software to be written to manage graphics drawing (rendering), as well as to simulate
vehicle dynamics, or moving objects in the scene. Also, software to communicate with various
input and display devices is becoming increasingly complex with the introduction of head mounted
displays, voice recognition, deta gloves, and other user communication devices. As simulators
begin to interoperate over networks, software to manage this communication must be written.
There are many needs for software in the simulation realm. It is important to make an effort to
capture past work, apply as much reuse as possible, and work smartly. This thesis cov.rs four
areas where reuse is important in visual simulation: rendering, data display, device/user interfaces,

and network interface software.
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1.3 Rendering Overview

In the past, some efforts have been made to reuse rendering software in the Graphics Lab
(Bru91:Chs 1-5). In this thesis, rendering will refer to the process of showing the world to the
simulation participant in the most realistic way possible. The rendering reuse efforts attempted in
past years had some success. In fact, much of the existing code in the lab to implement rendering
in visual simulation was based on a suite of code and tools called GDMS (Graphical Database
Management System). However, new software methods to accomplish rendering (SG92) and
building three dimensional models (SS93) created the need for more work in this area. Much of
the impetus for this effort came from improvements in vendor software which alter the way
simulations are developed (SG92:Ch 1). The Iris Performer software library provides a powerful
way to create simulation software for Silicon Graphics platforms. Major software improvements
in three-dimensional modeling software have also changed the way simulations are created
(SS93:Ch 1). Past reuse libraries in the Graphics Lab have been tailored to much less capable
rendering and modeling tools than now exist. Figure 2 is an illustration of the past process.

In this past year, the Graphics Lab at AFIT has begun to use a popular tool called Multigen
and its associated muJel format to create models 4nd scene databases. Multigen is ¢ .e of a new
generation of tools for creating three dimensional polygoral models and building scene databases
from them (SS93:Ch 1) A scene database refers to a collection of three dimensional models that
form a scene in the simulation. An entire scene database can now be constructed using Multigen.
This is a departure from past methods used in the Graphics Lab. Multigen's "Flight" format for

three dimensional models is an emerging standard for storing object representations.
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Figure 2 - Developing a Simuiation with Past Toois

Since the release of Multigen, the vendors at Silicon Graphics have released their Performer
software library, which is a collection of high level C language routines to use the Iris workstation
efficiently. (SG92:Ch 1) This library is also well suited for using the databases created by
Multigen in visual siulations. Together, these advanced software products define a new way to
create and populate visual simulations for the Silicon Graphics workstations. The simulation
development process with these tools is illustrated in figure 3.

The newer method of creating the simulation involves more work with the Mu'.: gen tool o
create the database hierarchy, and a corresponding reduction of complexity in the rendering and
database management side of the software. Other than the Performer library of C routines, no
software was available in the Graphics Lab which could be easily reused for application building
with these new techniques. Since the Performer libracy offers no class based C++ interface, it did
not provide enough of a standard interface to support commonalty of design for software using
the library. Also, Performer still leaves the simulation design up to the application developer.

To get the maximum reuse from Graphics Lab software development efforts, the lab needed to
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Lse common designs as much as possible. This thesis describes the application framework

appro: ch I applied to facilitate a common design for the simulations.

Silicon Graphics
Iris Performer

Creates & Composes

Multigen ~ ool

Dynamic

i Software
Composite Composite glumgen
Model Model 0r8d

Database

Converts
this to
graphics and
renders

Figure 3 - Developing a Simulation with New Tools

1.4  Data Display Overvie:.

A second major area of work for visual simulation developers is software to display
information to the participant. Displays report information on the status of the simulation back to
the simulation user. They include instruments in a cockpit, position, speed and orientation
displays for a tly-through type simulation, data displays showing information about entities in the
simulation, and any other visual element used to report simulation status to a user. They are
sometimes a part of the scene database, but often are implemented separately because of their
complex textual and graphical requirements. Display requirements can comprise a substantial
portion of the work involved in writing visual simulation software. This makes them an ideal
candidate for software reuse. Figure 4 shows some typical display requirements for a visual

simulation.
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In a virtual reality environment, where the simulation user may wear a head mounted display,
this problem of reporting status is difficult to solve. Consider the problem of displaying cockpit
instruments to & pilot of a simulated cockpit wearing a head mounted display. As the piiot turns
her head, the instruments should not turn with her, but should remain in their correct location
relative to her. One solution is to render the instruments in the scene database as dynamic
simulated objects, as discussed above. This solution tends to introduce too much complexity into
the scene database to allow for fast screen updates. This problem is typical of the requirements
for immersive simulations, which place the system user into the scene, often through the use of

head-mounted displays or other non-screen based methods.

Tex.drawn in 3d Text overlays scene
z
View: Pt Al
1234 == F.y
=g QF15 é ;gg
—— Usa + Y
Z:100
4 - Plane Status Base “
2 1 MR Dahran T
N {
Dials, Gauges ¥
s MFD/RADAR 2 :/‘;’:;;2 .
Icons Text in tabular window display
Immersive Simulation Console Simulation

Figure 4 - Visual Simulation Display Requirements

Another problem in an immersive simulation is the necessity to simulate real, complex displays.
A modern weapons systems has a very graphically oriented interface. To properly create any
man-in-the-loop simulator requires the ability to display status to the weapons system operator in

areasonable, usable, and believable format. Display requirements will quickly escalate. A toolkit
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of reusable display components, comprising both rendering and a useful interface to the
underlying simulation, is almost a necessity for much serious work in this area.

For screen based simulations (console simulations), the display requirements are also heavy.
Console simulations typically display information to the user using common techniques such as
tabular displays or displays overlaying the graphics in a scene. Data may appear in tabular format,
or in an overhead view with icons. These display techniques are not commonly used with
immersive simulations, but are more common to such familiar systems as command and control
softwa.e. Typically, console simulations require extensive window management and data
presentation software to be written. This is another area to concentrate on when considering a

reusable solution for simulations.

1.5 Device/User Interface Overview

User input comprises a third major area of seftware efforts for visual simulation. User inputs
include devices such as head tracker, spaceball, mouse, and keyboard. They may also involve
traditional user interface areas such as buttons, sliders, etc. Past thesis efforts have created some
reusable code for device interfaces, and much of this is in use in the lab. Figure 5 shows some
representative user interface requirements for visual simulation.

For console simulations, user input may come from spaceball, mouse, or, commonly, graphical
user interface (GUI) toolkits such as Motif. This means a robust simulation design must allow for
many different interfacing methods without breaking the design. Common problems here include
user event handling approaches, windowing, and performance impacts from ‘expensive’ GUI calls

and functions.
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Figure 5 - Visual Simuiation User Interface Requirements

For immersive simulations, the common interfacing techniques change dramatically. Since an
immersive environment attempts to give the user as realistic an experience as practical, common
techniques used to bridge the gap between human and computer are not enough. Typical
interface challenges for these simulations include data gloves, voice commands, head tracking,
boom devices, and platform specific interfaces, such as throttle and stick. Again, arobust design

and reuse can reduce the software workload significantly.

1.6 Network Interface Software Overview

The network interface for a visual simulation refers to the software required for the simulator
to function with other simulators over a network. For the Graphics Lab work, the simulators are
designed to send and/or receive the Distributed Interactive Simulation (DIS) protocol, which is a
standard network interface format used heavily within the Department of Defense. The network
interface for a simulation has two main components, send and receive. The send portion of the

interface formats information about the sending simulator into protocol data units (PDUs) which
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are sent out over a network. The receive portion of the interface reads these PDUs from the

network and displays the entities and/or information about them in the simulation.

)

5 2 )%
Send Only Simulation Network Players
Network Events
Network

s €——— DISPDU Traflic ————>

1/

Simulator
Status
Metwork
Players & Events
Network
Players

& Events

Read Only Simulation Read - Send Simulation

Figure 6 - Network Interface for DIS Simulators

A successful and efficient network interface comprises many different problem solutions. A
network interface will have to manage coordinate conversion from network standard coordinates

to simulation coordinates, maintaining fast network read rates, maintaining smooth entity

appearance when PDUs are not continuous, maintaining a large database of entity 3D models, and

sending/receiving events (e.g.; detonations). This research investigated methods to integrate these

various tasks into an understandable, object oriented network interface capahiiity for DIS

simulations.



1.7 Research Overview

In this research, I have applied software engineering and reuse to the visual simulations in the
AFIT Graphics Lab. I analyzed the requirements for visual simulation in the areas of rendering,
displays, device interfaces, and network interface as a basis for the reusable design model I
created. Icreated corresponding implementations using C++ to provide a basis for several visual
simulation research projects. I also designed and implemented useful reusable software pieces to
fit into this design, and supervised their application across multiple visual simulation projects. I

collected a set of metrics on performance and reuse effectiveness to validate my approach.

1.8 Process

There are many powerful tools available to aid in creating simulations, but their introduction
into the Graphics Lab at AFIT must be managed. Tools introduccd too quickly, or without a
thorough understanding of their power and intended use, may not help software development.
Also, much of the work in the Graphics Lab is based on some prior reuse efforts, and may need to
be migrated to use the new software and models. Migrating to use new technologies while not
having to start over is one important challenge of this research and of the graphics lab software
engineering effort.

A development environment must allow software developers within it to reach their goal. The
environment's success is defined by how well it facilitates those goals. For the Graphics Lab
visual simulations, these goals are influenced by two m 's: the parent project and the
transience of the developers (students).

The research sponsor gives direction, goals, and funding to the Graphics Lab to support an

ongoing effort in visual simulation. This large scale simulation project involves a concept known
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as Distributed Interactive Simulation (DIS). DIS allows multipie simulators in geographically
separate locations to interact and wargame with each other. The Warbreaker program is an effort
to apply DIS to a multifaceted battlefield environment to research training and weapons system
effectiveness by using multiple, independently developed simulation projects. AFIT is developing
several simulation research efforts as a part of the Warbreaker program. Because of the strong
sponsorship provided for this research, the resulting simulations are expected to meet goals for
performance, capability, and extendibility. Also, they need to be incrementally developed to allow
demonstrations and a fast feedback loop for refinements.

In the Graphics Lab, the research is performed by students working on a Master's thesis,
largely during a single year. This means each student has a limited amount of time to actually
make a research contribution and produce or enhance a simulation. Also, students typically learn
only the basics of the programming language used during their thesis cycle. As aresult, the
language is misused and underused in much of the existing work. The development environment
should aid new student developers in learning quickly and in performing quick design and

implementation of their projects.

1.9 Scope

This research is more than just conceptual. This means an important criterion for success is
that the resulting software contributes significant time savings to the work in the Graphics I .ab.
The research in the Graphics Lab is sponsored and has specific goals it must reach, as discussed
above. Any software engineering concepts used must immediately contribute to the construction

of a working simulation, or risk losing acceptance by the simulation developers and sponsors.
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To exploit the new performance and modeling software now available, I created an application
template, or reusable design, for visual simulations created with the new software technology.
This software provides an abstract method for writing new simulation software, with a clearly
defined programmer interface to enable new simulations to be written. This work builds on
previous reuse efforts in the Graphics Lab, while extending them to encompass newer
technologies like Performer and Multigen.

T'used ideas from Model Based Software Engineering (DIp89:1) to study the effectiveness of
these concepts in the Graphics Lab. The application framework, called ObjectSim, provided an
implemented version of an abstract meta-model (reusable system model) for the particular
simulation environment I am working in. These concepts are covered more in later sections.

I also researched methods of parameterizing the reusable display and simulation software.
Parameterizing means providing information to software to allow it to configure itself to solve a
problem. I used methods of parameterization to provide a flexible enough simulation framework
to encompass diverse simulation requirements. I studied the effectiveness, efficiency, and ease of
use of some various parameterization methods in the context of working with developers using
ObjectSim.

A major goal of this research was to leave the school with a toolkit it can use to create
simulations and add capability to them. The goal was to improve development time,
maintainability, and overall design for the simulations in the lab. To that end, I have made several
attempts to pass the knowledge I have about customizing, adding to, and using ObjectSim. These
include the ObjectSim Application Developers Manual (Appendix A) and several example

programs to help get developers started (Appendix B).
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The ObjectSim design is a reusable analysis model for visual simulations. The initial
implementation was targeted for Silicon Graphics machines. Both hardware and toolkits will
change over time. There are several approaches I discuss for migrating work and removing

machine dependencies.

1.10 Research Approach

To design and write good reusable systems, the first step is a well thought out design. Iused
the Rumbaugh Object Modeling technique to capture the analysis and design steps of the
Software Engineering process. In addition, I used some of the concepts of designing software
based on models outlined by D'Ippolito(DIp89:3) to construct models of the s.mulation
application template and other software that can be instantiated to build simu.ations. Model in this
sense refers to a method to describe the behavior and structure of the system, not a
three-dimensional model. Instantiating a model means filling in the specifics needed to define a
solution to a particular problem. The ObjectSim design model evolved as the system was built,
and reflects the structure of the completed software.

Since the Graphics Lab uses C and C++ for it's current software, I used C++ as the
implementation language for the software. This provided some advantages. I used the C++
features which support objects, data abstraction, and inheritance to make as direct a translation
from the application model into executable software as I could. I concentrated on preserving
data abstraction with the language, since managed complexity is an important key to creating
reusable software that is accepted by future users.

A large part of this research involved searching out technologies and existing solutions that

can be used in the Graphics Lab. An example is the Silicon Graphics Performer library. Another
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area of research was working with the Wright Lab Avionics Division to reuse some of their flight
simulator software on our Virtual Cockpit project. I also surveyed past work from the Graphics
Lab to identify reusable software.

Since work has been done commercially and within other government and academic circles, the
Graphics Lab naturally stands to benefit if it can profitably use this work.. The Graphics Lab
software engineering team, as the reuse and software engineering element within the lab, was
responsible for managing tool and technology introduction into the lab. In this sense, the group
functioned as a rools group. Tools groups operate in a software development environment to
facilitaie technology introduction, create advanced designs and test them, and perform other
advanced engineering tasks. Since tools groups are only loosely tied to a particular project
schedule, they can "blue sky", or investigate technology too risky to incorporate in an important
development before being validated. For this research, a testbed application was developed and
maintained to develop and validate new capability without perturbing existing simulation projects.

Finally, the team attempted to foster the use of some basic software engineering concepts
throughout the Graphics Lab. This included working from designs, reviewing and sharing each
other's work, and the aforementioned tools group to foster technology introduction and advanced

designs with broad applications.

1.11 Research Goals

This research studied the effectiveness of parameterized software architectures on the creation
and maintenance of visual simulations. The result was a set of reusable software models, designs,
C++ classes, and sample applications that provide the basis for current ard future Graphics Lab

work in visual simulation. These reusable pieces should contain components for a software
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toolkit to support rendering, displays, devices, and network interface in visual simulation.
Students using a reusable design like this should be able to begin writing simulation software in
much less time than before. Since students are only at AFIT a relatively short time, tools like this
should really help more to get accomplished in the lab. Also, this research provides a good
case-study analysis of the parameterization methods discussed above and their effectiveness in
visual simulation software.

The practical goal for this research in the Graphics Lab was to provide the tools necessary for
entry into a new stage in its simulation development work. By providing a high level toolkit
designed for an environment such as this, researchers were able to focus on the advances their
research provides, rather than detail work involved in solving routine simulation software

problems.

1.12 Support

The support environment for this thesis was already in place. The lab has the machines,
software, manuals, and compilers to provide enough tools to accomplish the tool building portion
of the research. 1had good access to Silicon Graphics vendor software and manual support, which
the lab has. Ialso had access to several contacts who have experience in the latest software tools
I used.

To support the overall goals of the Graphics Lab and the tools group, a form of ‘ategrated
class library and configuration management was put into use to provide a common set of
development tools for the lab. The tools group had the support of the research faculty and the

acceptance of the other students, which aided greatly in accomplishing our goals.
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1.13 Measurement and Validation

I studied the efficiency, maintainability, and usability of the ObjectSim framework from several
perspectives. These include performance characteristics, storage and memory characteristics,
usability studies and examples, code size and complexity comparisons with similar projects, and
maintainability of the ObjectSim projects. The goal was a set of metrics which showed the
effectiveness of this approach.

Any work in real-time simulation is performance bound. Often, this is viewed a drawback to
using structured programming, object oriented programming, or any other 'inefficient'
programming techniques. One intent of my measurements was to show the impact of using
advanced C++ features like inheritance on simulation performance.

The more difficult aspects of the measurements are the benefits of our object-oriented
approach. I'have inciuded d=velopment metrics and reuse data to attempt to show the benefits of
the application framework on simulation development. These metrics are collected from four

different thesis research projects which used ObjectSim as the basis for their design.

1.14 Document Overview

Chapter 2 of this thesis is a review of literature and industry practice, as it relates to this
research. Chapter 3 reports on the initial analysis and background worx I did to prepare for the
main research. Chapter 4 presents the design of ObjectSim in depth and development notes for
the different pieces. The emphasis is on the meta-model which ObjectSim captures and its
aspects, dependencies, etc. Chapter 5 presents some sample instantiations of the model, including
the Virtual Cockpit, Remote Debriefing Tool, and Satellite Modeller. Chapter 6 is a record of the

validation metrics collected and a discussion of performance issues in visual simulation. Chapter 7
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is a summary of the research accomplishments, along with recommendations for follow-on and

future development of the architecture and its instantiations.
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Il Current Research Overview

2.1 Overview

This chapter will explore current research in the area of reusable architectures for building
domain specific software systems. The study is motivated by the current effort in the AFIT
Graphics Lab to design and implement a reusable architecture to support visual simulation. A
reusable architecture is a reusable framework for designing and implementing a software system
(Lowry91:647). Domain specific refers to the notion that niany systems designed to automate or
speed software development limit the class of problems they solve. For instance, a domain might
be command and control systems, or banking systems. This notion of a reusable design has also
been referred to as a meta-model, or reusable design model.

Reusable architectures provide an attractive methou for the introduction of software
engineering into new environments. This is because they help the system developers by giving
them a reusable, customizable design for a class of problems, rather than a methodology or
complex tools to master. This can mean relatively quick success for develop::is using this
approach. Also, many developments can benefit from the work done on one reusable
project.

For real-time interactive simulation systems, such as those created in the AFIT Graphics Lab,
performance is an important criterion for the finished software. Any software engineering method
applied in this domain must not significantly slow down the finished product. For this reason, I
will include a look at some current literature about C++ and object oriented design and
programming, since the majority of visual simulation software is written in C or C+ for

performance reasons. Also, the C++ language gives a direct implementation of object oriented
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design, which is a useful method for constructing a reusable design model. Other object oriented
languages, notably Ada9X, are also candidates for implementing an object oriented simulation

design, provided their performance can be shown to be adequate for the high frame rates desired.

2.2 Method

I have explored the current state of the art for reusable systems first from the perspective of
current academic papers and textbooks. This will provide some theoretical underpinnings for the
research and explore some current efforts through a spectrum of software engineering topics
related to this work.

I have also explored the state of reuse in current industry practice in this Chapter. This will be
based on my own experiences in development environments, and some other references
including periodicals and books. Because of the nature of this research (fusing advanced software
engineering techniques with real developments), I feel a look at current practices of software

professionals is also beneficial.

2.3 Academic Literature Reviews

Lowry (Lowry91) presents software architectures alongside many other current research areas
in software engineering. He presents a likely path of evolution for software architectures, domain
analysis, and other forms of automating the software process (Lowry91:646-650). This path
includes various development paradigms software designers will follow as technology improves to
encompass such methods as automated software design and code generation and expert system
support for the software development process. He defines megaprogramming as the process of

developing software with very high level components, and indicates that future system developers
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will use increasingly larger and more abstract components to build their systems (Lowry91:646) .
He also points out that late binding, a feature found in true object oriented programming
languages (Str91:36), increases reusability but decreases efficiercy of a software component. He
writes that the late binding features of artificial intelligence languages are the basis for many
current systems which support large scale reuse. These systems can be used for system
prototyping, but do not generate efficient production software (Lowry91:648). He indicates that,
in the future, software development systems will provide the ability to transform these inefficient
but highly reusable systems into efficient programs via methods such as program synthesis
(Lowry91:649).

Lowry also discusses two related notions which come closer to describing current industry
efforts to create efficient, reusable software. Application generators use simple techniques, such
as filling in software coding templates, to enable system developers to reuse designs and
implementation (Lowry91:637). Software architectures are much more advanced. This area of
research includes such topics as domain or application specific programming languages,
automated transformations to produce efficient code, and encapsulating domain knowledge for
use by designers (Lowry91:647).

Bhansali and Nii (Bha92) describe generic software architectures within the context of their
Knowledge Assisted Software Engineering (KASE) system. KASE is based on the concept of
meta-models, or reusable designs (Bha92:3). Some set of these reusable designs are stored in
KASE, which allows the designer to pick an architecture matching his problem description and

step through the design process to create a specific design for his problem.
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The authors propose a formal description of a generic software architecture as a collection of
modules which require customization to be useful in a specific solution. (Bha92:9). These
modules, before being customized, represent a partial set of design decisions usable across the
target problem domain (Bha92:10). These modules appear to be analogous to objects in an
object-oriented design. Customizing the modules completely represents all of the design steps for

the specific application, and can be accomplished with the KASE tool.

Wiederhold, Wegner, and Ceri (Wie92) describe a method for accomplishing
megaprogrammming, or very large component based reuse. They present a language which could
be used to describe large component based reuse (Wie92:1), and show an example of this
language in use. They describe megamodudles as providers of services, autonomously operated,
which encapsulate data, behavior, and knowledge (Wie92:2). As such, megamodule
implementation and details are unimportant, as long as they can be accessed to provide their
services. This is similar to current usage of such system components as databases, display
toolkits, and operating systems.

In essence, the authors megaprogramming language generalizes the concepts behind these
client-provider entities to arbitrary modules performing arbitrary functions. Since data will be
communicated across these various megamodules, the megaprogramming language provides
constructs to facilitate data conversion, or transduction, which migrates data from a form
acceptable to a source megamodule to a form acceptable to a destination megamodule (Wie92:9).

These megaprogramming notions are a basis for the future reuse of large scale systems
(Wie92:1). They have a direct application to software architectures because they describe

standard methods for creating and using client-provider reusable components. A software design
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for a system of any size or usefulness will include the use of megamodule-like entities such as
display toolkits and databases.

Stroustrup (Str91) examines the issues involved in creating software libraries in the C4++
programming language. Class libraries store reusable code for use by other programs. They are
the most common meuns of providing design reuse (software architecture) in C++ developments.
Stroustrup, the designer of the C++ language, presents his ideas on the best method for using
C++ to provide code libraries. These ideas include certain design guidance, such as language
constructs to avoid, for writing C++ programs (Str91:370-375).

Stroustrup also describes his views of the software development process and how it relates to
C++. He reiterates that the power of C++ for translating object oriented designs into executable
code does not reduce the need for proper requirements specification or a thorough design process

(Str91:365) According to Stroustrup, many software developments using C++ do not gain any
from the power of the language, because the advanced features like inheritance and dynamic
binding are wasted in confusing, poor, or inefficient designs (Stroustrup,1991:362).

D'Ippolito (DIp89) takes a different approach to the concept of reusable designs in software.
He views the software development process as an instance of traditional engineering, and applies
the concept of models, or abstract behavioral representations, to the software development
problem (DIp89:3). His paper describes the benefits of designing software modules and systems
as models to be instantiated for applications which need them, much as an engineer will select a
power supply for an electronic component from available sources, rather than designing one

himself (DIp89:3).
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D'Ippolito points out that this model based view encompasses many of our other notions of
how we reuse software, such as parameterized modules, domain specific architectures, code
libraries, and client-provider relationships (DIp89:3-5). These are all activities intended to
capture knowledge in a reusable form and apply it to other problems which can use it. This
process of capturing knowledge, or science, has been performed in traditional engineering for
many years. The author proposes we apply traditional engineering principles to our software
components to facilitate their application to other similar problems (DIp89:3).

Harel (Harel92) expands on this concept of models as the basis for software system
development. He describes an approach to modeling systems and their components which he
terms the vanilla approach (Harel92:10). This approach involves abstracting a system or
components function and behavior in a well defined, formal way (Harel, 1992:11). These methods
of abstraction must allow models to be structured and combined to form a system of models
(Harel92:11). One interesting feature of his approach is that he concentrates on real-time, or
reactive, systems. Real-time systems comprise some of the most difficult problems to effectively
model in the computer systems domain (Harel92:10).

Once a system of models has been created, Harel points out that we can exploit various
emerging capabilities to explore and improve the resulting system. These include the ability to
execute our system model, or observe its behavior as it passes through states (Harel92: 15-16).
This execution can also form the basis for a prototype, or working model of the system
(Harel92:17). The ultimate goal of this model transformation process is the ability to create a
final, finished system from our model automatically, without the requirement for writing code in a

high level language. (Harel92:18)
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Biggerstaff and Richter (Big89) present some of the problems, challenges, and dilemmas of
software reuse. They stress describe generation technologies, whereby technology is applied to
make software creation automated and repeatable. Generation technologies work because or
recurring patterns, either in code or in rules used to transform software from one form to
another.(Big89:3) Compusition technologies encompass a component based approach, where
new systems are made from building blocks. The authors also lump object oriented technology
into the composition style of reuse.(Big89:3);

The authors describe many problems associated with component based reuse in practice.
These include understanding of component, locating the correct component, composing
components, and modifying components. They point out that only with a formal, automated
engineering effort can component based reuse progress and realize large gains. They then discuss
the issues of design reuse, pointing out that, though this technique has much potential, research is
needed to make it usable in practice.(Big89:5-8)

Finally, the authors indicate that general reuse, supported by representation of designs and by
automation, will provide the major gains in the potential for reuse. They indicate that reuse
systems of the future will provide for partial specifications, whereby a design will be represented
in a form that allows for customization, broadening the generality of the design (Big89:12-13)

Curtis (Cur88) presents issues involved in reusing software from the standpoint of designer
understanding, which he terms cognitive issues. He points out that different types of
programmers approach design differently, depending on their experience. (Cur88:1- 10) The
different mental processes relate to the amount of pre-concieved design information the designer

can bring to bear on the design problem. More experienced designers will have a more complete
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view of the system they wish to compose, while inexperienced designers will tend to start with
little or no notions of the design. (Cur88:3-5)

These cognitive issues, the author points out, create the need for a classification system for
reusable artifacts which supports diffesent levels of designer experience. He relates some
classification schemes for reusable software intended to provide varying views of the software to

designers of differing experience. (Cur88:7-8)

2.4  Current Industry Reuse Practice

There are many examples of reuse proliferating in the commercial world. In general, reusable
software can take several different forms, and the amount or reuse can range from code library
level reuse up through entire system reuse. I will provide some examples I have researched and
also seen in personal experience.

In one example, Borland (Bor92) provides an application framework designed to speed
development for the Microsoft Windows PC environment. Recall an application framework is
some set of code designed to be customized to solve a particular class, or domain, of problem.
This framework, called ObjectWindows, contains "object oriented stand-ins" (Bor92:3) for
Windows entities such as drawing windows, scroll bars, icons, etc. When using ObjectWindows,
the developer need not master any of the details of programming the Windows interface, just the
application framework. The result should be drastically reduced development time.

In experimenting with the software, I went from complete Windows and C++ novice to a
finished, high quality graphics application in the course of 4 weeks using this library. I found the

user of the library had to be comfortable with some advanced C++ programming language
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features to master the library. Once this was done, the library provided some abstract and
powerful objects to build the Windows application.

In another project, this time from the Ada world, an Ada application framework was build on
top of an X Windows interface for the MSS (Mission Support Segment) project at Peterson AFB.
I was a member of a team which created several layers of the application framework on the MSS
project. This application layered abstractions on top of the windowing environment to allow the
developers to build interfaces from high level, logical pieces. These pieces were sufficiently
general to allow quick development, but were not classical reusable components in the general
sense of the term. They were not reusable outside of the application framework they were built to
support.

Current industry uses several methods to parameterize software. Key information which
customizes a software artifact is called parameters. There are several methods to parameterize
software (Figure 7). I will explore some of these methods, including software coding templates
and table driven software, which are discussed below.

Software coding templates refers to a method of parameterizing that provides software in
uncompiled form to a programmer, along with specific, clear instructions on what to change to
make it work. Using this type of software, a programmer will fill in clearly marked sections of
code and then compile and link an executable system from these software modules. Software
coding templates are often seen in Ada systems, such as the IMASS simulation software.
(IMASS92)

Another method of parameterizing software is to write executable software that expects to

read in information at the start of its execution to configure itself to solve the particular problem.
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This approach has been called table driven software. The Ada Quality and Style Guide (SPC91)

recommends this approach as an advanced way to build an Ada application.

Software Coding Templates

Module

Table Driven Software

Executablle,
but needs
parameters

4\
Well T

defined
formats

ills in
Programmer

8
Parameters
<

Provides

-

Compile, Link Software

Solution

Figure 7 - Software Parameterization Methods

At Space Command, software organizations are exploring the use of entire reusable systems

designed for a particular application domain. Using this approach, a system implementor uses a

tool or tools designed to build the system from a set of parameters. In the Space Command case,

the tool allowed a designer to interactively build command center applications using a graphical

interface and underlying software designed to implement the application from the stored

parameters created by the tool.

The commercial world has caught on to reusability with the advent of C++. As an example,

books and articles have been appearing which attempt to show novice and non-professional

programmers, as well as professionals, how to harness the power of object oriented programming
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(OOP). OOP really builds on such concepts as data abstraction and information hiding commonly
found in computer science curricula today.

Lafore (Laf92) shows how to use C++ in a reusable way. He covers the concepts of
inheritance, dynamic binding, overloading, and class hierarchies in his book. These are all
concepts included in C++ to provide the ability to extend and customize existing software. These
capabilities are at the center of OOP's popularity.

Both Ada83 and Ada9X have powerful features to support reuse and customization. Ada
provides its packages and generics as reuse mechanisms. In Ada9X, support for inheritance and
dynamic binding is added to increase the functionality.(DoD92) Many repositories exist for Ada

sofftware, allowing a developer access to a wide body of past work.

2.5 Conclusion

The notion that, as software engineers, we can reuse our prior work has been the basis for
much of our methodologies and research for many years. In the last 5 years, research has begun
to explore how we can build very large systems and networks of systems to exploit reuse. These
methods include megaprogramming, generic or reusable architectures, and model based software
engineering. These activities are all essentially concerned with the same problem - how do
software analysts, designers, and developer: capture knowledge and create an abstract description
of it? How do they allow software to be used over many related problems, and ease the
construction of software systems which use the knowledge?

Traditional component-based reuse is often inadequate to the task of constructing reusable

systems. In a component based strategy, the designer must design the software architecture the
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components are to fit into. Though this type of reuse leads to savings and reduced time, a design
expert is still required to complete the finished system.

I have covered several authors' ideas about how to approach architecture-based reuse. There
is no agreement in the field currently on any one approach to this problem. Many of the research
ef.orts show promising theoretical foundations for improving the future of this area. These efforts
also show examples of successful application of these principles.

I have also taken a look at some industry practice in this area. Reuse is becoming popular and
economical in industry, and it is approached from several different angles by practitioners. Many
of these methods are based on newer object oriented or object based languages and concepts,
such as C++ and Ada. Industry has much to teach the software development community about
creating software, since industry is always seeking to save dollars.

It is this broad spectrum of application for these principles in both research and industry which
makes architecture-based reuse difficult to study ancl quantify. However, discovering the
principles and techniques behind these methods can lead to many different productivity gains in all
phases of the software development process.

Reusable architectures don't impose a specific methodology or tool on the development
organization using them. Because of this, they can be applied to software development
environments fitting many varying descriptions. They can be applied successfully in environments
ranging from the most rigorous, formal methodologies down to a single developer using a PC in
his spare time. In fact, they have a potential to create significant savings across a broad spectrum

by supporting analysis, design, and implementation reuse.
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Reusable architectures and their application to various domains is an active research area.
These methods are a good step to bringing large scale developmeni under control. An evolving
theoretical basis combined with encouraging results of applying reusable architectures in industry

point the way to a bright future for these methods in the software engineering field
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[l The ObjectSim Concept

3.1 Overview

This chapter is a report on my first efforts to create a reusable analysis model and scftware
design for visual simulation applications in the lab, and corresponding implementation in C++.
The initial section is an analysis of the requirements and supporting software process in the
Graphics Lab. Second, I discuss the method we chose to meet our goals in the lab. The result of
the requirements analysis is expressed as a Rumbaugh object model of a rudimentary architecture
for visual simulation. This chapter discusses the process used in the analysis and design stages.
Initial projects which validated the extension through inheritance method of customizing the

architecture are discussed.

3.2 Initial Analysis

The goals of the Graphics Lab visual simulation projects are to support sponsor research
efforts involving Distributed Interactive Simulation (DIS). The lab is sponsored to develop
several visual simulation projects which will interact over network lines with other simulators.
Students develop the simulations either individually or in teams as research efforts. I analyzed the
proces the lab used to reuse work arnd ensure continuity of these development to determine areas
where software engineering techniques could help.

Reuse has been a goal of this lab for some time. Con:jonent based reuse, which emphasizes
stand-alone classes or libraries, was used for many past projects.. However, as I examined the
past procts and level of design sharing done for them, I noticed that past work had often been

redone, or that existing components were not suitable due to subtle d¢ sign differences. This led
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to a number of interesting effects, as shown in Table 1. Helping the development environment

reduce these effects was a central goal of the architecture.

Problem Impact I
No one responsible for standard Past reusable software difficult to locate or
components classify/verify

No one responsible for improving common |{Lab duplicates effort it could reuse.
simulation capability or fostering common |Machine power underused. Students
design duplicating effort to achieve functionality

Existing components complex to understand |High learning curve. Students designisig to
lower level of components than necessary

No standard library locations, CASE, or Students using word of mouth or global
CM to support large developments search to find past work
Libraries scattered

No design methodology adopted for No current, usable design representation for

projects, other than rapid prototyping / the work. Students reduced to

incremental development approach maintainance of code only

Students don't have time to become well Language features unused, poor code

grounded in C++ or C. designs, little reuse or orthogonality in
existing code

Research projects did not have stable Students implementing unneeded work,

requirements backtracking and redesigning on the fly

Table 1 - Graphlcs Lab Development Environment
Problems

I surveyed the existing applications in the lab to attempt to determire both a robust set of
visual simulation requirements and the level of reuse across projects. Idiscussed the designs of
the Virtual Cockpit (VC) and Synthetic Battle Bridge (SBB) with the thesis students who had
implemented them the year before. I found little commonalty in the implementations and designs
of the systems, but much commonalty in the baseline requirements.

The Virtual Cockpit implements a simulation allowing the participant to fly through a visual

scene in a simulated cockpit. The basic requirements include the ability to have a view attached to
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the cockpit, the ability to read tracking input and 'look around' at the scene, and the ability to
receive and display participants from the network. For the last thesis cycle, all of the work done
to look 'out the window' was done for the Virtual Cockpit project and was not reused. The
network interface was developed for both the VC and SBB, but ended up being two versions
because of different interface requirements. A central goal of any reusable architecture for the
lab was the ability to support the Virtual Cockpit project.

The Synthetic Battle Bridge implemented a simulation allowing the participant to utilize
different displays and interface devices to e: ter and move around an ongoing network simulation.
The previous thesis work was done using GDMS. Since this effort and the VC were developed
under different advisors by different students, there was no effort to create a common core for the
two simulations except the network interface work.

After studying the VC and SBB, I surveyed the projected applications in the lab to determine if
they would add requirements or constraints to the basic architecture. I discussed the Red Flag
Remote Debriefing Tool (RDT) project, being developed to show ongoing and stored Red Flag
exercises, with the responsible student. I also discussed a simulation requiring a space view,
including satellites. From these discussions and time spent in the lab, I developed a set of high

level basis requirements for the architecture. These are shown in Table 2 and Figure 8.

3.3  Iris Performer Overview

The first existing work I surveyed for this projsct was SGI's Performer. Our lab had an early

version of this visual simulation library. Later, through contacts with SGI, we received a later

release and a Programmer's Manual for the library. This overview of Performer is based on that
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manual and my initial experiments with sample programs..

Project  |Requirement

All Move viewpoint around simulation
All Allow view direction to be based or. device input
All Varying window sizes

VC/SBS  |Drive head mounted display and use head tracking

Display ongoing network traffic

Send network information

Display text and icons on screen window and in scene

All
vC
All Display configurable terrain
All
All

Display correct world state (destruction, damage, time of day)

Table 2 - Basis Requirements for Graphics Lab Simulations

Input devices
- HOTAS
Sensors, Radars,
- Dataglove Imagery
- Keyboard
- Spaceball Vi be
iew canbe -
- Attached to a model
Id:A10

p - Tied to own motion code

- Changed by HMD
f in scene 4\
Overlay style \

display element

Dead reckoning player - Multiple views into same scene

- Muttiple viewports and Windows

A

Player with

motion model ‘_/ DIS event driven player

——— ik /
/ —— ¥ —Terrain following player .\

Smart Terrain Tile

Figure 8 - High Level Graphics Lab Requirements
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Performer is a library of C callable routines that provide a new interface to the SGI graphics
pipeline. This interface improves vastly on the (', interface in many areas. This library abstracts
many of the chores associated with programming the SGI, and captures much of the SGI
expertise about programming their pipeline. In addition, Performer provides an easy upgrade to
the RealityEngine platform from the VGXT, because the library hides much of the details of
rendering geometry and the same Performer interface is used on the new machines. (8G92)

Performer maintains an internal geometry tree. This tree holds many of the common types of
geometry used on the SGI. Geometry nodes, or geodes, can hold polygons, triangle mesh, light
points, and many other types of primitives These geodes are the leaves in the geometry tree.
The tree also hold information like level of detail switching nodes, animation nodes, coordinate
systems, group nodes, and instance nodes (SG92:Ch9).

Since the geometry tree is not dependent on a particular external geometry format, any format
which can be converted to the Performer internal geometry format can be used on the tree. This
conversion is done through file reader routines (figure 9). Performer comes with a Multigen flight
format reader, a reader for '.sgi' format geometry, and a reader for '.bin’ format geometry. The
flight reader allows all of the power and hierarchy expression available with Multigen to be
seamlessly used in Performer applications with minimal effort. (SG92:Ch2)

Performer also maintains state information in the tree. These nodes called geostates hold
information like materials, textures, transparency, lighting conditions, and other information
normally part of the GL state. This allows Performer to easily handle multiple textures,

transparency, etc, through its built in state management features.
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Performer renders its geometry tree very efficiently. Some early test results showed very
promising frame rates for our simulation prototypes. This indicated the limiting factors for
efficiently rendering a set of geometry are dependent on geometry and scene management, not on
rendering code efficiency, when Performer is used.

The other performance improvement with the Performer library is obtained through its
multiprocess management features. Performer provides an abstract model for using multiple
processors on a multiprocessor machine. This model dedicates one processor to drawing and
culling per rendering pipe, and one to the application managing the scene. A straightforward callback
model allows custom draw and cull processing for the simulation, such as is used for drawing
display text, reading the keyboard, and similar tasks which need to be connected to the GL

process. This is explained later in the section on architecture.

B
—_
— Internal
Geometry Tree

Figure 9 - Format Independent Performer Operation

Other features in Performer include multiple channels (viewports) into a scene, an easy to use
viewing model based on Euler angles, and an extensive math library. Performer has built in

collision detection features, intersection testing, and special effects processing (clouds, b«

(97
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of day, earth-sky, etc). The version 1 release also contains a reader for Multigen Flight format

which allows use with Multigen easily.

3.4 Object Manager

The Object Manager is an existing library which implements a network interface. As discussed
in Chapter 1, a network interface manages the sending and receiving of network PDUs, enabling
simulators to communicate. Figure 10 shows a high level view of a network interface's

requirements.

N - DIS Coordinates
Monitor time/position PDUs Receive PDUs

to send PDUs only e

when necessary
\ Convert xyz, hpr to

____a‘
earth centered coordinates

Dead Reckon for smooth
movement

S

() Convert {o local
rendering coordinates

[ Ne Represent player/event
appearance

Sending player/event

Figure 10 - Network Interface Requirements

The Object Manager handles the functions of position/time monitoring, dead reckoning, and
sending and receiving the PDUs over the network through interfacing to a low-level network
driver called a network daemon. In seeking to reuse the Object Manager, the developers were

looking for ways to efficiently manage the processing shown in the diagram above. This
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processing can be particularly expensive for large numbers of entities being received and

dead-reckoned. Table 3 shows a breakdown of the specific tasks required for the network

interface.
DIS Simulation Requirement Related Software Responsibility
Simulators need to show accurate state of | Software needs functions to position network
external entities (type, position, entities and reflect their state graphically and
orientation, damage, flaming) within any other required data or display

structures. Software will map simulated entities
onto correct graphical representation

Send simulators can cause events, which [Software must be able to generate internal

can affect other entities in the simulation |simulation events, broadcast them, and process
them against the entities from the network to
inform those simulators if they are affected

Simulators will process events in the Software will allow events to be graphically
simulated world, such as explosions and [shown from internal sources or over the network
weapons fire

Send simulators will change their state Software will process both external and internal
based on external or internal events and  |events against sending simulator(s) and
based on the simulations progress broadcast and graphically show correct state

Send simulators will reduce traffic by Software will not update state until some time or
limiting updates based on time or position |position threshhold is exceeded

Receive simulators will show a smooth Software will dead-reckon simulation entities
entity progression through scene between updates

Table 3 - Software Requirements for Network Interface

The Object Manager as implemented used a 'snapshot’ interfacing method to communicate the
received entity status to the application every frame. This means all entity data is copied into data
structures for the requesting application. The application has responsibility to perform any
coordinate transforms required, show the correct etity representation, and update the

representation's position and orientation to show accurate movement.
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3.5 Other Existing Work

Developers identified other existing libraries available for use in the Graphics Lab. These
included device interface classes from previous years thesis work, some drawing classes for
instruments and stroke text from Wright Labs, and a public dofnain user interface package with an
interactive tool for constructing interfaces. For each reusable library, we either incorporated the

library or devised a strategy of interfacing the common simulation design to the library.

3.6  Reusable Applications

After surveying the requirements in the Graphics Lab, I created a meta model or reusable
design to base the simulation work on. Meta models and related notions of software architectures
are referred to often in current literature. Lowry (Lowry91) describes both application
generators and software archirectures as software engineering techniques which abstract and
reuse design knowledge and drastically shorten the time required to develop applications
(Lowry91:641) Application generators are tools which allow a developer to supply the
parameters to a reusable piece of code or application. The tool then generates a system fitting the
parameters required. Generally these are useful in a narrow domain Software architectures take
this approach one step higher. They seek to reuse designs across domains which share some
commonalty. (Lowry91:648) The result in a system which is more general, but more difficult to
customize, often required knowledge based techniques. (Lowry91:649)

In the C++ world, these same ideas are the basis for the notions of application frameworts,
also called application templates. Often, these take the form of class libraries. Application
frameworks differ from class libraries in that they support reuse at a much higher level than

traditional component based software development. The reusable components in an application
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framework are specifically designed to provide a high level of services within an application using
the framework. Outside of the framework, the reusable pieces may not provide any functionality,

but within the framework, they can provide major savings.

3.7 Test Architecture

In the Graphics Lab at AFIT, I viewed an application framework as a good first step in solving
the development problems encountered above. An application framework with suitable
documentation would allow student developers to concentrate on the research parts of their
simulation, while not redesigning the basic simulation repeatedly. The framework could provide a
ready repository for storing reusable forms of solutions to problems developed by students. I will
show more examples of this technique later.

After I decided on the application framework strategy, I began to incorporate previous reuse
work into the architecture, beginning with Performer. As I progressed, I also incorporated other
work in the form of device interfaces, network interfaces, and reusable classes developed by
current students to fit into the architecture.

I designed the initial meta model to be C++ classes providing a high level stand-in for
capabilities provided by the Performer library. This approach is similar to the ObjectWindows
strategy discussed above. The initial Rumbaugh class diagram we designed to is at Figure 11.
The simulation class is written for each application using this architecture. Each simulation class
must have the same signature and perform specified jobs at each of its entry points (methods) to
work with the architecture. When it is developed to meet these requirements, the developer can
use the Renderer and Model classes' services to offload much of its detailed functionality, and

concentrate on the functionality that makes his simulation unique .
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Using this simple niodel as the guide for my efforts, I implemented the framework classes
Model and Renderer. These provide an interface to functionality found in the Performer library.
Once these were complete, I built two simulation applications to plug in to the framework, a

geometry viewer and a fly-through simulator. Each application reused the Model and Renderer

classes.
Model
——— Coordnate
System
ReadModel
Simulation Renderer
View : Coordinate Scene
System Renders on
Shared_data Initialize
Render
Draw InsertModel
Culi
Init
Propagate

Figure 11 - initial Reusable Simulation Model

In this much simplified model, a visual simulation consists of a renderer, an application which
uses the renderer, and some collection of dynamic models manipulated by the application and
rendered by the renderer. Every application has a view (in the basic case), which is updated by
itself and is the view for the renderer. The application contains the callbacks for drawing and
culling, to be called by the renderer. This structure allows the propagate, cull, and draw members

to be called from different processes, which follows the Performer multiprocess technique.

Finally, the application must maintain a special memory area for shared data between its draw,
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cull, and propagate members to accommodate multiprocessing. This area is allocated in the
shared data area by the renderer if the renderer wishes to do multiprocessing.

It is important to note that only the application class needs to be written to reuse this
architecture. The renderer and model class provide abstract services to application classes which
are plugged in to this architecture. The application class provides entry points which the renderer
calls in the form of C++ virtual finctions, which allows any application subclass providing
implementations for the virtual functions to function with the renderer. Two examples of

simulations written using this architecture are given below.

3.8 Viewer Instantiation

The viewer provided a basic application to "shake out" the architecture and work with
Performer. I started with an example program to implement a simple fly through of a scene
represented as one flight format model. I first designed the architecture as shown above. Then I
added functionality to improve the fly through, allow manipulation of the model, and display some
data to the user as he used the program.

I used the viewer to explore the multiprocessing features of Performer. Since Performer
provides a standard 3 process model for the simulation, I wanted the early design to be able to
take advantage of this feature. Having access to the multiprocessor features was an important
performance criterium for the architecture. Figure 12 illustrates the distribution of tasks to the
application, draw, and cull processes and what the application class needs to do to accommodate

this.
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Application Class

-Modify view

(" Propagate - App process )
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\_-Manipulate model

_

[ Draw - Draw Process ﬁ

- Read kbd, store values
L- Draw values on screen

> Shared data area

All values needed| - Kbd values
by another thread needed by
in Shared area Propagate

_

.

fCuIl - Cull Process
- Unused in this application

- Model and view

information
needed for draw
to display

\ Renderer class manages
calls to each callback from

the proper process thread.

Flgure 12 - Viewer Multlprocessing

I was able to complete the viewer to work using the three processor, fully parallel mode in

3.9 Flyer Instantiation

Performer. It reads in one command line argument, assumed to be a legal flight format file, and
sets up a suitable view based on the model's size. It allows fly through and orientation

raanipulation of the scene, with some rudimentary statistics displayed to the user.

The second application I built to use the architecture was conceived as a platform to help the
Graphics Lab develop displays and instruments for the Virtual Cockpit. It is a simple fly through
application which allows the user to specify a flight file for terrain and another to fly through the
terrain with. The user then flies through the terrain "in" the specified model. I built this

application as a lead in to converting the Virtual Cockpit to a Performer application.
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This application has become the standard test application for the ObjectSim architecture. This
means that, as new capability is written for the architecture, it is first implemented, debugged,

and tested with this application before being used on other Graphics Lab projects.

3.10 Conclusions

After implementing two very different simulations using extension through inheritance, I felt
the idea had enough promise to become the main vehicle for the remainder of this research. I
revisited the analysis work to construct a full scale model of the reusable simulation.

For this next step, I gave the system a name - the ObjectSim application framework for visual
simulation development on SGI machines. ObjectSim was developed using a development model
I will call the necessity model. In this model, successive applications are developed or converted
to use the common architecture. As each is converted, worthwhile pieces of functionality are
incorporated into the application framework, based on an overall design for the framework. In
this way, during the conversion process, I incorporated previous solutions to particular problems
and made them available to every simulation using the framework.

The requirements for ObjectSim were to support a large class of simulation applications in the
Graphics Lab. These applications have requirements to communicate with and receive DIS
simulation messages, drive head-mounted displays, provide flexible views into the simulation
scene, and allow simulation through large geographical databases. In Chapter 4, I will present the
model and class designs which combine to form a reusable visual simulation capable of satisfying

these requirements..
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IV ObjectSim Design

4.1 Design Process

The design process used for this framework was based on the analysis process described in the last
chapter. Once I had the basic requirements listed and understood, I took the small framework I
had created for the viewer and the flyer and added the other classes needed to support the thesis
projects in the lab. Following the high level requirements I had identified for the Graphics Lab
simulations, I came up with another high level diagram, which shows th  asic classes and division
of responsibility for ObjectSim. This diagram is at Figure 13. This scheme for requirements

separation in the architecture guided the design of classes, member data, and member functions.

Simulation Class
Superclass for application
- Viewpoint user interface
- Executive simulation control
Pfmr_Renderer Class o
- Executive control View Cis s
- Common geometry list yaN 1+ - Viewpoint calculations
- Graphics/Window management N\, Q - Multiple Window/Viewpoint
- Multiprocess management channel management
l Changes
TerrainClass 0.1 l
- Sun, time of day mgmt iy
] Sky and groUnd Modﬂler Class
- Features in world - Template for certair
- Placement of world on globe device interfaces
- Trackers / Spaceball
Ol
Player
- Superclass for sim entities Fit_Model Class
- Inherited classes create represents - Geometry representatior:
useful subclasses, like for Playsis
- Network Player - Manages instances of
- Stealth View Player geometry

Figure 13 - ObjectSim Requirements Separation
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The second steD in the Gesign proess nivol e creating C++ class descripiions for the basic
classes. These descriptions contained metknds to implement the functionality needed by each
class and also the control points needed to make each class work in the multiprocess model.

The design process for ObjectSim was very much incremental and intertwined with the early
implementations using the library. Overall, ] would characterize the development as a rapid
prototyping type of spiral model. Typically, I would concentrate my efforts on exploring high risk
areas, followed by a sample implementation, usually in my Flyer test program. Once the piece of
the library worked as I expected, I would aid the developers using the library in adding the

capability into their simulation.

4.2 ObjectSim Do:umentation

The documentation for the classes appears in three forms. In this chapter, I document the main
classes with Rumbaugh Object Models and Rumbaugh State Diagrams. The ObjectSim
Application Developers Manual (Appendix A), contains a class reference which documents most
classes contained in ObjectSim, along with a tutoria! designed to aid a developer using the library.
It is the developer's manuai which is intended to be maintained as the reference to the library. The

final design is found in the class header files These files contain the latest design of the
library.
4.3  Class Simulation

This class is the superclass for all ObjectSim simulations. It was designed to provide the entry
points needed to assign processing to different threads or times. In this way, the programmer can

use a simulation class to provide an object oriented executive for the simulation. The calls into
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this class simply tell the simulation that the graphics portion of the program is ready for the
simulation to compute another frame step of simulation 'movement' or propagation, or to draw or

poll devices on different threads.

start

Simulation

init_sim() = 0

alloc_shared() alloc_shared

propagate() =0 (shared allocation,

pre_draw() construct objects)

post_draw()

enderer ready
/l\ for geometry

| |

- init_draw init_sim Renderer
VC_App SBB_App N (Add initial new frame
own data own data geometry, | renderer
o init_sim() initialize enters
|n|t_S|m() propagate()
propagate() post_draw()
pre_draw() alloc_shared() propagate
o\gtr::_method() own_method() W—— g\élg:;tzl%)‘lers,

etc - :
draw calls controls

Flgure 14 - Simulation Class Diagrams

Figure 14 shows a diagram of the simulation class, along with an example of the way
subclasses must override certain operations and can override others, if needed. The state diagram
shows the various states the simulation can be in, with the transitions equating to calls on the
objects entry points.

Each simulation should contain a constructor which consists of calls to initialize the various
ObjectSim objects. The constructor performs the functions described in the alloc_shared state

above. After constructing objects, the simulation enters init_sim state as described above, which
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performs any geometry building needed for the simulation. The propagate state, encompassing all
calls to the simulation, is a continuous loop at the frame speed of the machine. To effect a 'real

time’ simulation, a time call can be used to key simulation or player processing to time passage.

4.4 Class View

This class encapsulates a single view into the simulation. A view has a channel where it is
rendered, and takes its viewpoint from the player it is attached to. Calculation of the viewpoint is
discussed below. The view class holds the reference to the channel's scene and the Performer
matrices used to translate the scene graph to move the terrain and players' geometry relative to its
viewpoint. A simulation can maintain multiple views, which allows multiple channel simulations.

Views take their viewpoint from a player. A player is some entity in the simulation. From the
view's perspective, the only important feature of the player is that it has a location, an orientation,
and may have geometry associated with it. When a view is attached to a player, the view always
takes that player's position and orientation. If the player does have geometry associated with it,
the architecture takes the additional step of performing 'jitter' removal. The problem we noticed
was when rendering geometry close to the viewpoint the geometry would jump from frame to
frame, causing a jittery effect, This intensified as the viewpoint moved away from the origin.
Setting the viewpoint to 0,0,0 didn't resolve the problem, so we traced it to floating point error in
the geometry pipeline caused by the geometry being translated from its actual position to the
position around the viewer at the origin. The solution was not to draw the geometry and translate
it, but to substitute a copy of the geometry actually drawn at the origin. Therefore, a viewpoint
inside geometry actually is set at the viewpoint offset rotated by the player's heading, pitch, and

roll vectors. The 'zeroed' geometry is rotsted and drawn, and the player's xyz location is used to
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scroll the world by (Figure 15).

A’ with geometry
atx,y,z, withh,p,r %

Attachm<ﬂ point for view % Geometry - Translated by
X, -y, -Z
< Substitute Geometry and
Attachment Point Terrain - Translated by -x, -y, -z

N rotated by h,p,r of player
Geometry Origin
Stealth Player

0,0,0 in rendered scene
(No Geometry)

| E Viewpoint at 0,0,0
Directionis h,p,r

View Direction is always
h,p.r of player + fixed rotations
within player + any modifier rotations

Figure 15 - Vlew Computation and Jitter Removal

The viewing calculation was designed to allow for two other factors required in a simulation,
positioning within the player and modification based on device input. The location of the view
within the player is accomplished by a rotation and location vector expressed in the local
coordinate system of the player. For instance, a location for a flight simulation might indicate the
head position of the pilot, while the rotation might indicate the default gazing direction for the

pilot. Figure 16 shows the View class design.

4.5 Class Player

This class is used for entities and stealth views in the simulation. Generally, a simulation will
consist of one or more players which implement stealth or active viewpoints and/or other active

entities in the simulation. For active entities, the player can be used to encapsulate the functions
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of modeling behavior, updating geometry, any drawing associated with the player, and handling
any input required. For stealth views, the player's can handle moving the view, drawing, and
input. For remote DIS entities, the player can serve as a capability designed to accurately reflect

the position and appearance of the remote entity.

- start
iow

pfChannel* chan
Modifier* Delta

alloc_shared
new_view() (shared allocation,
setview()

init_draw() Simulation ready
pre_draw() for views

draw() - =
attach_to_player(attachable_ new_view init_draw

ptayer”) initialize (First view Opena
Attachable_Player* get_attached() get channel . graphics
on pipe) window

OpenPipe

l l

VC_View SBB_View
init_draw() draw()
pre_draw() setview()

setview|
compute
viewpoint

draw
callsj
do drawing

function attach_to_

player|replace
geometry

Figure 16 - View Class Diagram

Players are the way the simulation accomplishes its purpose. Any entity being modeled can be
thought of as a player in the simulation. The simulation presents its geometric display via

attaching the views to players. Other players in the simulation may appear in the view, if they
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maintain a geometric representation and are in the right location to be seen by the player currently

attached to the view. Figure 17 shows documentation for the player class.

Player
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Build geometry
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onetime i
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move
update geometric or
other representation

U

draw

Flgure 17 - Player and Attachable_Player Diagrams

4.6 Class Flt_Model

This class was designed as a way to allow simulations to handle their geometric representations

in an abstract manner. The process of reading a representation from a file involves a utility called

a 'loader’ which translates the geometry into a format suitable for rendering. In the case of
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ObjectSim/Performer, the lozder translates the geometry into the Performer tree format. This
class provides methods fo- abstracting this loading process.

In a large simulation, thousands of entities may be in the rendering tree at one time. Many of
these will have common geometric representations (a battalion of tanks, for instance). Since these
models take memory, applications seek to load only one copy of each unique geometry. This is
accomplished through instancing. This class also maintains a data structure for instancing the
models. Each model is identified by an integer index, which becomes its unique identifier. Any
other load requests using that index will be given a handle to the already loaded model. This
presumes, of course, that the applications utilize this class to load the geometry.

This class is a natural repository for methods which operate during the loading process to
perform some specialized action. This might include: building a complex model from several files,
reorienting models described in a non-compatible coordinate system, or handling requirements for

articulated parts, etc. Figure 18 presents the design for the Flt_Model class.

connect
Fk_Model set S Thets
ptDCS* RotDCS ,
pfGroup* root index used Has correct
readmodel(location, representation
index) _

readlodmodel(..) index not used
OrientDISModel()

load from

file

Fizure 18 - Fit_Model Class Diagram

A Flt_Model is used to put representations into the Performer tree. It must be connected to

the tree and the RotDCS must be connected to the root in order for the geometry to be seen. In
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this sense, the Flt_Model serves as a data structure for holding the needed hooks for a correct

representation in the scene graph.

4.7 Class Pfmr_Renderer

This class encapsulates the simulation main loop and collection of views. It provides member
functions to initialize the simulation's rendering, obtain graphics resources to open windows on,
and to perform the simulation's inner loop. The inner loop manages the Performer three process
model, issuing calls to the Simulation and views on the main application, cull, and draw threads, if
they exist. The Pfmr_Renderer class is designed to hide the C callback nature of the Performer
interface, instead issuing calls to the ObjectSim objects to provide processing on the various
threads and preserving the object oriented simulation design. The Pfmr_Renderer class also holds
the common part of the Performer scene graph used to share the player geometry across views.

Figure 19 shows a design for the Pfmr_Renderer class.

initializing
Kick off threads
initialize rendering
tree

Pfmr_Renderer
piGroup* players

init(Simulation,

numpipes,,
Terrain)
render() _ Building arbitrate | assign
arbitrate(View) insert geometry, resources channel
setdrawmode(Mode)
insertmodel(Model) i
2]
getscenebounds(..) Controlling
propagate sim
setdrawmode set views
call draw/cull
threads

Figure 19 - Pfmr_Renderer Class Diagram
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4.8 Class Terrain

The Terrain class was designed to encapsulate the environment of the simulation. This
includes the ground (terrain database), the sky, the time of day, the weather, and other
environmental variables. The terrain would thus become the simulated world where the players
and interact. This class is responsible for both the simulated view of the environment and
proper rendering of it in the graphical scene.

A terrain database can be generated many ways. Perhaps the simplest is to read in a model
representing the terrain, similar to the way player representations are read in using the flight
model class. Other ways exist to build terrain. These include building terrain representations
using elevation data and cultural feature data, and generating dynamic terrain which is 'smart’
enough to only render terrain near the viewpoint in high detail. The terrain class is designed to
provide the environment and terrain database to the simulation independent of the way it was
generated (by using subclasses for the various representations).

The Simple_Terrain class was the fist terrain subclass developed for ObjectSim. It contains a
sample implementation for the case when the terrain is just a simple model. Terrain implemented
this way can be as simple as a single textured polygon or as complex as a multi-layered database
including many detail levels embedded in the single file.

No matter how the terrain is implemented, ObjectSim requires that it be able to be translated to
effect the proper viewpoint placement in the simulation. For the single model terrain, the tcrrain
is translated just like any other dynamic object in the simulation. For terrain implemented in
different ways, the terrain could be translated via pushing a matrix before drawing, or by attaching

the terrain to a DCS node and then to the Performer tree, if this is possible.
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The terrain class also contains the Round_Earth_Utils object for each application. This is an
object which is configured when the terrain is built to provide flat to earth-centered coordinate
transformations to the applications. This object is contained in the terrain class because the center
of the terrain patch being used defines the correct transformation. The Simple_Terrain class has

the Build_Terrain methods to read in terrain defined different ways. The Terrain class design is at

figure 20 .

Terrain initializing

build/read
Round_Earth_Utilities* terrain

REU

configure_channel init_draw configure
{chan) =0 channel

clamp(Coords) =0
init_draw() =0 Fit_Model
draw() = 0 pfDCS* RotDCS

pfGroup* root aclive *
4'} !

Simple_Terrain draw
pfESky* ESky

build_terrain(location) !
build_terrain(location,

translation
set_sun(coior, location)

Figure 20 - Terrain Class Design

4.9 Class Modifier

Modifier is a superclass for a standard type of device interface in ObjectSim. A visual
simulation often requires device inputs in the form of coordinates, both position and orientation.
This type of input is used for spaceballs, head trackers, joysticks, and other devices. It can be
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used to change the viewpoint or move it, and also for other uses in the simulation. Modifiers
abstract this type of device input, making possible interchangeable devices in a simulation. The
view class includes a pointer to an abstract modifier, which is applied to the viewing calculation

before the scene is rendered.

-z initializing
Modifier set and calibrate
pfCoord* State device
init) = 0 arrange queue
poli() = 0 oputs l

reset()
init_state()
)\ active

| | | maintain state
Head Tracker | | Spaceball NQ_Modifier (if task)
init() init() init_extern_read = 0 reset
poli() poli() (qing function)

handle_event =0 (not task)
(event) read device

—

Forms_ | | Keypad_
Mod od

Flgure 21 - Modifier and Subclasses Diagram

Each modifier is required to maintain a state, which is its current coordinate values. These
values represent the value of the device inputs. These values can be read during a call to poll the
device, or maintained in a local variable which is copied during polling into the visible data
structure. In this way, the Jevice input can be set up to work as an autonomous task.

Modifiers were designed to allow substitute capabilities for inputs which are difficult to set up
in a development environment. For instance, a keyboard can provide the same state information

as a head tracker, but the keyboard is much easier to use while a simulation is being developed.
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For ObjectSim, a subclass of modifiers was developed for use with applications which maintain
a queue of user inputs. The NQ_Modifier class gives a specification for a modifier which can
work from input on a device event queue. Modifiers like this do not directly access the queue,
but have a method which can test a particular queue input for applicability to that particular

device. Figure 21 shows the modifier class design.

4.10 Initial DIS Interface

To interface te the Object Manager (Chapter 3), the Graphics Lab students developed a
strategy in which each application had a network interface which returned a view of the world
customized for that application. The Jbject Manager contained a short method for each
application which returned the state of each entity every frame. The remote network entities in
each application are called network players. Each application also maintains a class to manage the
list of network players, called the network manager. The network manager interacts with the
Object Manager via the method call for that application, bringing in the list of players for that
application each frame.

Each network player is inherited from a common network player, the Base_N et_Player. The
Base_Net_Player was designed to provide a basic network entity data structure. ObjectSim
contains the Sim_Entity_Mgr class, which operates on Base_Net_Players and performs standard
functions like appearance management on them. The Sim_Entity_Megr class is also designed to
manage appearance and network event handling for local non-network entities, such as terrain
static features or local sending simulators. Because of this, the Sim_Entity_Mgr class also

manages incoming network events ior the application.
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The Model_Magr class was developed by one of the students this year. 1incorporated it into
the architecture as a method for managing the large model space found in a DIS application. Any
of hundreds of different entity types can appear over the net. The Model_Mgr provides a way to
list models by enumeration values in a separate file. This allows the DIS application to obtain the
correct model for the enumeration value of the incoming entity and display it.

The Animation_Effect_Player was developed to show network events. It provides a
class-based method for building and displaying an animation to model a weapons effec. in a DIS
simulation. Animations can be mapped to different weapons types or detonations, ailowing a
simulation to show a more realistic world view to the user.

The network interface subsystem developed for ObjectSim in shown in Figure 22. It shows a
class model of the different parts of the interface and their relationships. Each application
developed using ObjectSim uses a network interface like this to get its view of the world. The
Object Manager is responsible for passing a dead-reckoned list of entities back to the application
every frame in earth-centered coordinates, which each application has to convert into rendering
coordinates. Also, entity statuses are passed whether they changed or not. In preserving the
Object Manager as an abstract entity manager, this interface introduces inefficiencies into the
process of receiving players described in Chapter 3. This led to an improved network interface

design for ObjectSim.

4.11 Improved DIS Interface

The goals of the improved DIS interface are to maximize throughput of players from the

network. Ianalyzed each portion of the pipeline players go through in coming off of the network,
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being dead-reckoned, undergoing coordinate conversions, and being represented in the scene.
The results of this onalysis are fully discussed in Chapter 6, but the improved design is here.

The major inefficiency in the network interface was the dead-reckoning of entities in
earth-centered coordinates. This forced each application to convert each entity's coordinates into
rendering coordinates each frame. Since a conversion involves 64 floating point multiplications,

this became a major bottleneck each frame when the number of entities exceeded 100 or so.
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Maintains Current B
Sim Player List Your Application
Calls Players, Net
/ Manager, and Sim
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Figure 22 - Initial Network Interface Subsystem
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In order to solve this, I designed a network interface which only communicates entity status
when a new PDU is received for an entity. Then, I created a new class,
Base_Net_Remote_Player, which has dead-reckoning (in rendering coordinates) built in. I
designed the new player to allow the offending coordinate conversions to be performed on
another thread, only when necessary due to a new PDU. I also built a new standard network
manager class designed to work with the network players. This worked substantially better (see
Chapter 6), and the network interface performance was improved.

The other problem was the design of the old network intz-face was not extensible. It was
structured and not object oriented. The network managers and Sim_Entity_Mgr performed all of
the processing for each player, rather than allowing the player to perform its own processing. In
effect, the network players’ methods were never called, so the network player was nothing more
than a structure. The improved design has methods for the Base_Net_Player and the
Base_Net_Remote_Player whi- . perform the appearance management, dead-reckoning, and
frame critical process reduction inside of the player, rather than having other classes responsible
for these functions. This new design is more reusable and extensible, but further work can

improve it mere (Chapter 7). Figure 23 shows a design for the improved DIS interface.
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Figure 23 - Impr-ved Network Interface

4.12 Overall Design

Simulations designed using ObjectSim all share the design information just presented. The

high level model for all ObjectSim simulations is identical. Each simulation consists of a

Pfmr_Renderer, a Terrain, at least one View, and at least one Attachable_Player. The simulation

can also have one or more Modifiers. Players can have representations in the rendered scene

(Flt_Models). If a simulation is a DIS compatible simulation, it will have a network manager and
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a collection of network players it maintains. Figure 24 is a high-level diagram showing this

composition.
Yorraln Pfmr_Renderer
Simulation
N > Renders
On
1+
13 view O On
Attached Fit_Model
| Player ’Represents |
Modifier T4

Figure 24 - High Levei ObjectSim Composition

The next chapter discusses the process of creating instances of this model. These instances

include four major thesis projects and some example and test projects. I will discuss how the

model fared in use on these various projecis, and show how the simulation designs are inherited

from the design given above.
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V ObjectSim Applications
5.1 Introduction

This section documents the process of aiding developers in using ObjectSim to create their
simulations. Several student projects used the reusable design and created some quite successful
research efforts using this approach.

Each research project was performed by one or more Masters Degree students, largely during
a single year. This means each student had a limited amount of time to actually make a research
contribution and produce or enhance a simulation. As the research goals for Graphics Lab
simulations grew over several years, students faced a difficult task in developing capability to
produce work which met sponsor research goals. The architecture developed in this research
project attempted to provide the advantage of a proven design and components to these students.

The various projects implemented using the architecture are listed in Table 4.

Project Description - Research Goals

Virtual Cockpit Immersive Flight Simulator

- Research inexpensive alternative to domed simulator
- Build man-in-the-loop DIS platform

- Study modeling of advanced weapons system

Synthetic Battle Bridge |Immersive/Console based Commanders Eye view of battlefield

- Research immersive interface techniques for Commander

- Study expert compute: situational analysis

- Study situational representation techniques for battlefield

- Study user interface techniques for effective user view control

Satellite Modeller Immersive/console simulation for analysis of satellites
- Represent single orbits or constellations

- Study immersive interface into satellite simulation

- Interface satellite data onto DIS simulations

Red Flag Display Tool |Console based debriefing/display iool for Air Force exercises
- Study user interface for debriefing system
- Interface live or recorded exercise data onto DIS

Table 4 - ObjectSim Projects In Graphics Lab
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I will present the most basic ObjectSim simulation, implementing a fixed viewpoint over some

terrain. Then I will present the instantiations for the Virtual Cockpit and the Satellite Modeller. I

will also show a simplified object diagram for each, and discuss the level of reuse achieved and

the coiresponding student effectiveness.

5.2 Basic ObjectSim Simulation

This section will introduce the most basic ObjectSim simulation. This simulation will place the

viewer in an upright position viewing a patch of terrain. The objective is to show how the

combination of inheritance and the application framework provide functionality to the developer

easily. The first block of C++ code shows the parts of ObjectSim we are using.

// Performer includes
#include <pf.h>

// ObjectSim classes

#include
#finclude
#finclude
#finclude
#finclude

"pfmr renderer.h"
"attachable player.h"
"view.h"

"simple terrain.h"
"simulation.h"

Each simulation must declare a class derived from the Simulation class, as discussed

previously. For our example, the subclass will only be concerned with the following function

entry points:

class Test Sim : public Simulation

{
public:

Test_Sim::Test_Sim();
void init_sim();
void propagate(int& exitflag);

// Superclass Members
// Terrain* Ter;
// Pfmr Renderer* Renderobij;

Stealth Player* Stealth;
View* MyView;

};
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As the design chapter discussed, most ObjectSim functionality is provided by instances of the
class called Player and it's subclass Attachable_Player. Next is the basic stealth view player (no

representation in scene), whose job will be to give a viewpoint into the simulation::

class Stealth Player : public Attachable Player
{
public:

Stealth Player();

// Superclass members:
// Flt Model* Model;
// pfCoord* Coords;
// static Pfmr Renderer* Renderer;
// static Terrain* terrain;
// pfVec3 base offst;
// pfVec3 base rot;
void init();
void propagate(){};
};

These two inherited classes are needed to build the basic simulation. The Test_Sim class
contains the ObjectSim objects which will be created and linked together to form the basic

ObjectSIm model discussed in Chapter 4. The work is done in the constructor for the Test_Sim:

Test_Sim::Test_Sim()
{

Ter = new Simple_Terrain();

Renderobj = new Pfmr Renderer();

MyView = new View();

Stealth = new Stealth Player();

// These must be done for one of the players
// only. They are static data members
Stealth->terrain = Ter;

Stealth->Renderer = Renderobj;

// Also done for only one view
MyView->Renderobj = Renderobj;

// Called on each view
MyView->alloc_shared();
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With this constructor, the basic model is formed. Test_Sim has instantiated its Terrain as
Simple_Terrain (one flight file). It has one View and one Player. The constructor is called by the
main program, which also instructs the Pfmr_Renderer to perform the initialization and to enter

the main loop. The code for the main program is:

int main (int argc, char *argv[])

{
// The simulation
Test_Sim* MySim;

// Initialize Peuformer
pfInit ();

MySim = new Test_ Sim();

// Cause the muultithreads to be kicked off and
// Opens the default window. Calls init_sim()
MySim->Renderobj->init (MySim, 1, MySim->Ter) ;

// Cause the main loop to execute. Will not

// return. Calls propagate ()
MySim->Renderobj->render () ;

exit {0);

Test_Sim will customize the model for its own purposes by fulfilling the abstract function calls

init_sim and propagate. In this case, the initialization code looks like:

void Test_Sim::init_sim()
{

int found;

// Read the terrain file and place in
// Flt Model number one
Ter~>readmodel ("terrain.£f1t", 1, found);

// Initialize the player functionality here
Stealth->init();

// A new view on pipe 0. Cannot be done until
// init_sim (after Performer fork)
MyView->new_view(0);

// Connect this view to the stealth player
MyView->attach_to player(Stealth);
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Test_Sim has initialized its View and attached it to its single Player. The Simple_Terrain had
been read in and is ready fcr rendering. The player has been initialized. Now, propagate will be

called once per frame to perform the simulation. The code is:

void Test_ Sim::propagate(int& exitflag)

{
// This call will propagate the attached

// player regardless of which player is
// currently attached to the view.
MyView—>get_attached()—>propagate();

The only processing done each frame (by Test_Sim) is to propagate whatever player is
attached. The viewpoint location and movement are entirely defined within the Stealth_Player

attached to the View. The Stealth_Player code is:

Stealth_Player::Stealth_Player()

//Location, Orientation member
Coords = new pfCoord;

}

void Stealth_Player::init()
{

// Set initial position and orientation
PFSET_YEC3(Coords—>xyz, 0.0£, -300.0£, 100.0f);
PFSET VEC3 (Coords->hpr, 0.0f, 0.0f, 0.0f);

// These are for an attachable player. They

// define a position and orientation within

// the object where an attached viewer is placed
PFSET_VEC3 (base offst, 0.0f, 0.0f, 0.0f);
PFSET_VEC3(base_rot, 0.0f, -15.0f, 0.0f);

The propagate member was declared null in the class definition. The Stealth_Player will
constantly sit in one place and do nothing. The Test_Sim simulation will just show a fixed view

of the terrain.
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That completes the implementation of the basic simulation. Notice that the programming

complexity and level of effort required to get started was small. The combination of Performer

and ObjectSim requires the developer to master little of the complexity of the design before

starting to work. To make a more interesting simulation, the developer must provide more

interesting players to go into the simulation, but the basic archirecture stays the same.

5.3 Virtual Cockpit Instantiation

The Virtual Cockpit was implemented as a player incorporating an aerodynamic flight model

with various display modes and weapon systems. Figure 25 presents the design of the subclasses

of ObjectSim classes used for the simulation.

Player

represents

Fit_Model

Terrain

I

Attachable_Player

Simulation

100% reuse layer

View

Ptmr_Renderer

Bomb Carries

| I

Modifier

_.-JI-\---- changes
uses I

Base_Net_Player

S manages

Head Tracker]

Spaceball

[ Sim_Entity_Mgr

VG_Net_Player |nanages,
VC_Net_Manager

Airplane
Missile |
Throttle &
Radar Stick
]
Hud Ins

Application layer

Figure 25 - Virtual Cockpit Partial Design
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Figure 25 is not intended to show complete design information, but rather to show the types of
problems faced by the Virtual Cockpit research students. The diagram shows that the Virtual
Cockpit designers were able to concentrate on modeling an airplane and its weapons and
subsystems, rather than writing a simulation design from scratch and re-implementing common
functionality. Below the dotted line on Figure 25, the Virtual Cockpit designers were responsible
for designing and implementing the classes. Above the dotted line, they were simply reused.
Besides the basic ObjectSim model, the VC also reused the network manager subsystem for
receive network entities. The level of reuse achieved with the ObjectSim design allowed the
thesis students to focus on such problems as accurately simulating a modern weapons system, and
to spend less time on non-research-specific details.

The code example below shows the class definition for the Airplane class, which encapsulated
the other aircraft subsystems

class Airplane : public Base Net Player
// Base Net Player is used for remote and local
// DIS players

// Application thread calls for airplane
void init {);

void propagate(); // Move one tick

// Draw thread calls for airplane

void init draw();

void draw(); // Do any drawing for one frame

// Base Net Players must provide a

// function to accept damage from remote

// weapons

void accept_damage (pfVec3 location,
munition warhead weapon);

// The aerodynamic Model

State* AcftState;

// Throttle and stick class

// (Hands On Throttle And Stick)
HOTAS* MyHOTAS;

// The Heads Up Display

HUD* MyHud;

INS* MyINS;

Weapons_Controller* MyWeapons;

i
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The above class definition show: 1.ow the Airplane must provide functions to perform certain
processing at certain times. This is the coniract each play.r has to fulfill to exist with the rest of
the architecture. The init, draw, draw, and propagate functions are the calls used by the
architecture to control the player. Many of these calls may be left out, if there is no need for
them. The superclasses for the player contain default functions. This illustrates one of the best
complexity management techniques found in Object Oriented languages. A superclass can
provide a standard set of functionality, and the subclass can override this if necessary. Therefore,
an architecture like ObjectSim can provide an almost complete application, if the application
needs little customization. As the appi:cation needs to customize parts of the architecture, it can
do so by declaring custom methods 2: appropriate.

Note how the designers were able :o utilize a top to bottom object oriented design for the
airplane. The ObjectSim architecture was designed to facilitate object oriented simulations. This

is a key to the complexity managemen features of ObjectSim.
5.4  Satellite Modeller Instantiatic v

The Satellite Modeller was des - .ed as a simulation allowing a set number of satellites to be
propagated around the eacth in either real time or time step based propagation. It includes a
subclass of Terrain called Space_Terrain, which implements the terrain as a rotating earth model
with the moon, stars, and a realistically positioned sun light source. The propagator code was
based on code from the Space Operations program at AFIT.

The interface requirements for the Satellite Modeller were for a highly interactive GUI
allowing user flexibility. The simulation is configurable for number of constellations, number of

satellites, and viewing modes. Also, the simulation is designed to take advantage of the
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device-independent nature of ObjectSim by providing interfaces to a head tracker for an
immersive operation mode. To accomplish this, an off-the-shelf GUI toolkit was used to design
and build the interface. The ObjectSim simulation was designed to take the interface state and

control the simulation, viewpoint, and other factors.

Player Fit_Model - F— 100% reuse layer
represents Terrain | mutation
_Lﬁ Ll Moifier
| ifi
I T =
: \
Attachable_Player Pimr_Renderer changes J\

—{ Head Tracke]
Space_ Sat_ App | uses| .
Terrain
Sat_Player
Sat_View_Player SM_Interface
conirols
-1
GUI_Form
manage
controls
Application layer

Figure 26 - Satellite_Modeller Partial Design

Notice the similarity of Figure 26 to Figure 25. Each ObjectSim application will follow the
same basic design, with differences showing up in the unique processing required for each. The

ObjectSim layer provides a template for each simulation and objects for each simulation to use.
5.5  Architecture Growth

Each of the four major applications implemented with ObjectSim added to and stretched the
breadth of the requirements the library covered. The multiple channel simulations (RDT, Virtual

Cockpit), required the library to correctly manage the shared scene graph and call the threaded
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member functions correctly. The RDT implementation paved the way for integration of the GUI
interfaces into the applications. For each new problem solved, the major challenge was to fit it
into the architecture while preserving a good design and not perturbing the existing code too
much.

Several project developers completed reusable pieces which were able to be successfully used
by other parts of the architecture. The RDT contributed the design method for integrating the
forms, which were later used on the Satellite Modeller and the SBB. The SBB developer
contributed the Model Manager, a way to manage the large model sets found in large simulation
applicationz. The SBB also saw the design of a set of reusable interface objects which use
innovative transparent representations to make them useful for immersive/console simulations.
The Virtual Cockpit project contributed the GraphText implementation, which provides a nice
stroke vector capability for in-scene text drawing. The Setellite Modeller project pioneered the

use of a new loader ‘or geometry as an alternative to the Multigen Flight format.
5.6 Effectiveness

The architecture provided considerable help for some of the development problems observed in

our initial analysis. Table 5 enumerates some of the effects of our object oriented approach
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Problem

Observed Effect

No one responsible for std components

ObjectSim provides a toolbox of
components designed to fit together

No one responsible for evaluating and
integrating new outside code

ObjectSim developer performed analysis in
this area

Existing components hard to understand

Students had to understand ObjectSim
approach, but less detail than before

No standard library locations, CASE, or
CM to support large developments

ObjectSim captures a lot into one library,
but does not solve CM problem

No design methodology adopted

ObjectSim facilitated a reasonable Object
Oriented approach to simulation design

Students don't have time to become well
grounded in languages or design methods

ObjectSim provides design, reduces the
amount of code necessary for success

Simulation projects didn't have stable
requirements

ObjectSim allowed quicker maintenance
turnarounds; simulation design stable

Table 5 - Development Improvaments with ObjectSim

This isn't to assert that merely building a library will solve all development problems in a
particular setting. However, the existence of the application framework did help the lab's process.
By using the application framework strategy, the developers could actually build rapid prototypes
of their applications which became the base for final implementations. Since the final versions
of each application also use the library, typically these prototypes were not throwaway, but
became the basis for the final software.

With this kind of ability, developers were able use a risk-based approach to manage their
development. They could approach the most risky parts of their development first, knowing that
an architecture and its inherent engineering knowledge would provide much of the standard
low-risk capabilities their application needed. This, I think, is the basis for the positive effect

ObjectSim (and Performer) had on this years research prototypes.
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The flexibility and success ObjectSim had owes much to the capabilities developed by the Iris
Performer Group at SGI. Performer does provide a lot in terms of library calls and an object
based ’_ interface into a visval simulation. The contribution ObjectSim made was to take the
abstractior of Performer one level higher, and to package the capabilities Performer provides into
a reusab] » simulation.

The projects using ObjectSim and Performer have amassed quite a track record this year. The
Virtual Cockpit has run on the console, in a Head Mounted Display at SigGraph, and on a Barco
Multi Screen Display at the ARPA Sim Center. The Synthetic Battle Bridge has run at the
console, at SigGraph in a boom, and at the ARPA Sim Center on a big wall. The RDT has been
taken on the road to Nellis AFB and has demonstrated that a single AFIT student working with
some good tools can replicate years of effort by contractors on a viewing console. The Satellite
Modeller has impressed its user community and provided some striking visual images at the
ARPA Sim Center and at AFIT demos.

In support of the DIS research goals and the Warbreaker program, AFIT has provided a
man-in-the-loop flight simulator with multi-mode operation, a stealth console with intuitive
interfacing capabilities, Red Flag DIS data on the network and a console to view it on, and
satellite data on the network with a simulator to generate and view the satellites in orbit. Just the
DIS applications in the AFIT lab alone form a good testbed for some of the concepts DIS and

Warbreaker are meant to explore.
5.7  Lessons Learned

All of these developments weren't without some problems. One major hurdle was the C++

language expertise necessary to successfully use the architecture. Students were not prepared for
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full object oriented programming and using the methods of customization required for the
architecture. Although the amount of code necessary to customize the design was small, deciding
where to fit the code in was not as easy. Second, errors resulting from dependencies in the code
and from the Iris Performer basis for the code were not always intuitive. Third, short timelines for
development meant the developers often did not have adequate time to learn the architecture
before pressing ahead.

As noted earlier, the lack of Configuration Management still plagued the Graphics Lab. Large
simulations require data files, models, libraries, and many other parts. Often, these all didn't work
together as they should, because everyone working in the lab didn't maintain a baseline.

C++ on the Silicon Graphics machines provided us with some interesting moments. For most
of the thesis cycle, we struggled to find a way to make the objects behave correctly when they
were allocated from shared memory using the SGI shared memory features. The run-time did not
preserve the virtual function table for member functions when the parent was allocated by casting
a shared memory allocation call back to the object type. Using a call to the Performer allocation

routine, we tried:
class My Player : public Player
{
void init () ///VIRTUAL FUNCTION IN PARENT
void propagate()'

My Player* Test;

——-- in some function —----

// ALLOCATE TEST FROM SHARED MEMORY

Test = (My Player*)pfMalloc(sizeof (My Player),
pfGetSharedArena());

Test->init () ; //BOOM - Segmentation Fault

As a result of this problem, the simulations using shared memory for input or output
interfacing requirements had to allocate shared memory structures, or treat many of their objects
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as structures instead of true objects with callable member functions. Designs evolved with classes
intended as member functions for other classes, to get around the problem. Needless to say, the
cleanness of the object oriented designs began to suffer under these restrictions.

Two students finally came up with a solution to this after working on the problem for a while.
The key turned out to be using a constructor for the object which handles the shared memory

allocation. The new code segment looks like this:

class My Player : public Player
{

My Player() // /CONSTRUCTOR
void init () ///VIRTUAL FUNCTION IN PARENT
void propagate()'

}

My Player* Test;

My Player::My Player()

-

this = (My Player*)pfMal'ioc(sizeof (My Player),
pfGetSharedArena());
}

———— in some function ----
// CALL CONSTRUCTOR
Test = new My Player();

Test->init(); //OK, DOES NOT FAIL

So, the final work done for the architecture uses this style of shared memory object rather than
the old style of shared memory substructures.

One other lesson I learned was the importance of the development environment to the success
of a project. Many times in the lab we hurt our cause because of lack of change control, lack of
tools on different machines, and lack of CM for the many components of a large simulation. A
typical problem might see a developer change a header file another ueveloper depended on. When
an application was linked which contained two libraries built with two versions of a particular

header file, the result was usually a non-intuitive crash. A development environment with as many
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peoy:«: and machines as the Graphics Lab at AFIT needs good procedures to keep occurrences
like this from slowing productivity.

The next section contains some measurements I made of the software and the development
process in the Graphics Lab. I will show metrics involving performance and reuse and discuss the

software work in the Lab relative to these issues.
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VI Measurements and Performance
6.1  Graphics Lab Metrics

Any software effort requires some measurements to quantify the work developed. Metrics can
answer questions about reliability, maintainability, performance, testing success, or development
effort expected or expended on a project.

With the developments in the Graphics Lab, the most important concerns are performance and
reusability. Performance has always been important in real-time, interactive simulations. Slow
performance translates to slow visuals, which can significantly hinder a simulation's believability.
Reuse is always desirable because it translates into improved productivity. However, to be
effective, students must be able to take the reusable pieces without redeveloping them, or they
will bog down in unnecessary detail. The measurements I took were mostly in these areas of
performance and reuse.

I'took the philosophy of measuring those things which I felt would yield some good data for
analysis and recommendations. Iincluded with the measurements recommendations based on any

conclusions which can be drawn or inferred from the measurements.
6.2 Reuse Metrics

Reuse metrics have always presented a difficult problem to software developers. Typical
approaches will attempt to show the lines of code reused versus the lines of code developed for a
particular problem. When trying to consider the effectiveness of reuse on a particular problem,
this can be inadequate.

ObjectSim can be thought of as a composition system. It uses the composition medium, the
C++ language, to specify components in the visual simulation domain. These simulations are also

composed of other reusable pieces, such as math libraries, Performer, a GUI library, string and file
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utilities, and other assorted pieces. Each simulation really can be thought of as an integration

effort to bring all of these pieces together. In a setting like this, metrics can be especially difficult.

I chose some high level metrics which I felt would show the reasons behind the Graphics Lab

success this thesis term.

The first set of metrics (Table 6) for our Lab attempts to quantify the effectiveness of the

ObjectSim approach on developer focus, or the percentage of design, implementation, and testing

time the researchers applied to research specific problems while creating their ObjectSim

applications. Research specific problems are those which are not concerned with the mechanics

of the simulation (e.g.; how do I put my view here?), but more concerned with the domain the

simulation is a part of (e.g.; how do I model a radar?). These numbers are based on discussions

with the developers, who attempted to quantify the time they had spent on their thesis efforts.

Simulation % Design Time |% Coding Time |% Lines of code |% Testing time
research specific |research specific |research specific |research specific

Virtual Cockpit 80 70 75 65
Satellite Modeller 80 90 85 60
Synthetic Battle 70 75 70 75
Bridge
Red Flag Remote 90 80 75 90
Display Tool

u ——

Tabie 6 - Deveioper Time Expenditure Survey

Past students were not available to interview about their time expenditure. In the Virtual

Cockpit and Satellite Modeller cases, judging from the functionality the developers were able to

achieve this year versus last year, my best estimate is that the developers were significantly more

domain focused this year. Whatever the improvement, the student developers do feel the
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combination of ObjectSim and Performer has freed them up to focus most of their time on the
specifics of their research.

The next set of metrics show the level of cooperative development. They show to what level
developers of multiple ObjectSim simulations were able to share work. The numbers are
percentages of code developed for one simulation and reused on another, either by use as a design
and code template or by directly using a class. We are not including reuse from sources other
than other ObjectSim simulations. Table 7 presents another set of data which is difficult to pin
down, because I developed ObjectSim by incrementally implementing the applications and
capturing reasonable pieces of reuse from them as they were developed. The applications are
presented in the order of their implementation using ObjectSim. Percentages are developer

estimates combined with other developer data to assess the overall reuse effectiveness.

Simulation % of code contributed % of code reused from others
Virtual Cockpit 50 10

Red Flag Remote 30 50

Display Tool

Synthetic Battle 15 50

Bridge

Satellite Modeller 5 70

Table 7 - Software Sharing in Graphics Lab

These metrics, which indicate some effectiveness of the ObjectSim approach, are presented
with the caveat that the developer of ObjectSim was around to aid development of these first four
applications. To realize this types of benefit, a developer must have a good understanding of the
architecture. It thus becomes important to provide design information and, preferably, a User's

Manual for developers. Also, a responsible party for overseeing and guiding development, such
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as a faculty member or reuse specialist, will facilitate this kind of reuse. Appendix A is a User's

Manual I developed for the ObjectSim framework.

The last set of reuse metrics does not really involve numbers. What I will attempt to show is

the way in which each successive ObjectSim application contributed functionality to the library

which was picked up by another application. I will do this by listing classes or problem solutions

developed for one application and then reused by another. Minor subclasses are not listed .

Application

Classes/Capabilities contributed

Classes/Capabilities Reused

Virtual Cockpit

Simulation, View, Flt_Model
Simple_Terrain, Pfmr_Renderer,
Modifier Polhemus_Modifier,
Sim_Entity_Mgr, Player
Base_Net_Player, Event,
Animation_Effect_Player,
Round_Earth_Utils

Model_Mgr, Multichannel display,
Network Manager

Red Flag

Multichannel Display, Network
Manager, Independent Scaling,
Spaceball (SGI), Forms bridge,
Trails queue

Simulation, View, Flt_Model,
Simple_Terrain, Pfmr_Renderer,
Player, Base_Net_Player,
Model_Mgr, Event, Fonts
Animation_Effect_Player,
Round_Earth_Utils

Synthetic Battle_Bridge

Model_Mgr, Buttori, Multichannel
boom display, Locators, Fonts,

Simulation, View, Flt_Model,
Simple_Terrain, Pfmr_Renderer,
Player, Base_Net_Player, Event,
Animation_Effect_Player,
Sim_Entity_Mgr, Network
Manager, Round_Earth_Utils,
Forms bridge

Satellite Modeller

Space_Terrain, Stars

Simulation, View, Flt_Model,
Pfmr_Renderer, Player,
Round_Earth_Utils, Forms bridge,
Locators, Fonts, Trails queue

Tabie 8 - Capabiiities Contributed or Reused

This listing really shows two important facts about the Graphics Lab developments this year.

First, the visual simulations do share a common design, as evidenced by their reuse of the
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ObjectSim architecture. Second, this common design fostered working together. The various
develepers helped each other many times, because they were all working on similar developments.
The developers collectively created a capable set of engineering solutions for visual simulation
problems.

The lab lacked tools for measurement of the software. We were able to compute some lines of
code (LOC) measurements to give an idea as to the size of the projects. The LOC counts varied
for the developments using ObjectSim from around 5000 to over 20000. For the Developer's Guide
simulations, the average LOC for the instantiations was 900 lines. The complexity is found mainly
in the understanding required for inheritance based C++ programming. The actual algorithms in
the architecture are not complex. The code mainly consists of function calls (to other ObjectSim
objects, to Performer, or to other libraries). Some of the applications contain more complex
algorithms, but these are concerned with their research specific problems, not their simulation

interface.
6.3  Performance Measurements

The simulations in the Graphics Lab have many factors which determine their performance. I
will present some measurements of frame rate, and relate these back to the various factors which
contributed to the speed of the applications. These factors will include geometry management,
overlay GL drawing management, device handling, multiprocessing, non-frame-critical
processing, network interface efficiency, shared memory locking, compiler optimization, debug
logging, and C++ language constructs.

The method I followed to obtain these performance measurements and recommendations was
to maintain a controlled testbed. This was the ObjectSim application I used to implement eack

new piece of ObjectSim functionality into the library. As the functionality was implemented, I
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instrumented the application, usually with standard Performer performance data, to see the affects
of my changes. In this way I determined the performance characteristics of various methods of
doing things in a simulation. More precise data would have come from profiling the application,

but I will leave that to future work.
6.4 Geometry Management

Geometry management is the process of reducing the number of polygons sent through the
graphics pipeline while maintaining a realistic simulation. In performance measurements we did,
this factor always impacted performance more than others. Geometry management has many
fecets, mostly dependent on the hardware capabilities. Hardware capabilities are mostly outside
tne: scope of my software librery, so I esiablished some baselines for the tests. The performance
measurements were taken on a four processor, single Raster Manager Onyx, which means that
texture in the geometry was not a factor. Each simulation used the standard three processors for
the Performer threads. Frame rate control was set to free run, without waiting for frame
boundaries. Each application ran in the same size window. On other machines, the frame rate
will vary depending on the hardware pipeline, the texture in the geometry, and the number of
processors, and the number of Raster Managers in thie machine. In a test with an unsophisticated
simulation (just 1zeviiig a viewpoint around with a rudimentary interface and little computation), I
obtained the measuremente in Table & as I varied the parameters.

These results illustrate the first parformasce . csult we have found in the lab: the geometry
management, and specifically tie reduction of polygons, is the biggest determinant on the
performance of an application. Thus doesn' soeas w - wpplication is guaranteed good performance
if it does this, because applications can fall inta 1any other pitfalls. It means that if an application

doesn't manage geometry complexity, it will suffer a performance penalty. Geometry
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management is primarily achieved by structuring terrain and models with levels of detail which

decrease to low-polygon representations as the viewpoint goes away from them.

Geometry Parameters Performance results

2000 poly, no LOD, no tub ] 30hz steady

9000 poly, No LOD, 1o tub 18hz low, 30 hz high, dependent on view
2000 poly, No LOD, viewer in tub 15hz low, 25hz high, dependent on view |
9000 poly, No LOD, viewer in tub 12hz low, 25hz high, dependent on view

LOD Terrain, no tub 100 polys in farthest 20hz low, 25hz high, frame rate more steady
LOD, LOD cells 10 km on a side with 4
LODs

Same as before, in tub 15};. low, 20hz high, frame rate steady. ] 5
L

Table 9 - Geometry Complexity Performance Effects

The second point illustrated above is the fact that an immersive simulation with geometry
drawn around the viewer will cause a penalty. This is because geometry around the viewer is
pixel intensive (each polygon drawn covers more pixels). This has the affect of increasing the

drawing time of the application. Immersive geometry should be used only when necessary to the

realism of the simulation.
6.5 Overlay GL Drawing

Overlay GL drawing involves rendering two dimensional or three dimensional GL polygons or
text after the Performer geometry database has been rendered. This tvpe of drawin g can also
impact performance, and this section will discuss ways to manage this impact.

The most important point about drawing is that any resources corsuired oy &' GL drawing
add to the time required to render geometry, and geometry drawir.g 1s ¢;1eally the bottieneck f.r

visual simulation. Therefore, drawing should not involve expensiv. .alc isticrs ac := on the drov

thread. Instead, the drawing parameters should all be computaa aud sicied, s &'l the ¢t reead
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has to do is the GL rendering. This storage technique typically works well with a protected data
structure, since two different tasks will be accessing the data.

In our tests, 2D GL or text drawing typically did not affect the frame rate more than 1-3 Hz.
The exception to this was when an application used Forms, a GUI package based on GL.
Applications typically slowed down by over 5 hz when a complicated form was displayed. All of
the forms processing, including the non-drawing background data structures, is performed on the
draw thread. Even so, the Forms applications maintained a respectable frame rate despite the
GUI overhead. The RDT, with a complex form and two separate drawing channels and over 100
moving entities still maintained a steady 15hz frame rate. These numbers reflect the effect from

Forms drawing, not Forms event handling (user input).
6.6 Device Handling

Device handling refers to the process of obtaining user input from a device. In the Graphics
Lab, we have used many input devices, including the keyboard, mouse, spaceball, head tracker,
boom, and throttle/stick. This section will discuss the possible performance penalties of these
devices, and the benefits of using tasks to avoid long reading delays in time critical threads.

The keyboard, SGI spaceball, and Forms GUI all operate using the standard device queue
available on SGI machines, which can only be read by the draw process. This implies that all
input must be taken by the draw process when these interfacing techniques are used. For
performance purposes, expensive actions based on these inputs should be deferred to the
application process. Also, the queue handling is important. A performance penalty can result if
an application tries to requeue events it reads, so a later queue read can use them. This can result

in many useless events being requeued, and long event reading loops. A better design is to
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centralize the queue read in one place, anc pass the events around to each interested object in the
program, so they can act on them if desired.

Devices such as the head tracker or the throttle and stick present different problems. Many
times these devices can be slow to respond to requests for their value. In one test, the
throttle/stick used for the Virtual Cockpit accounted for 18% of the processing on the application
thread. To solve this, these device interfaces can be implemented as tasks, which operate

asynchronously and maintain a state which the application then reads.
6.7 Multiprocessing

In discussing multiprocessing, I am referring to partitioning the application up into tasks which
operate asynchronously or with synchronization. The processes are designed to avoid bottlenecks
which can slow the throughput of geometry. Multiprocessing is a common technique to attack
complex computational problems like visual simulation.

Each ObjectSim application inherits a design intended to take advantage of the Performer three
process model for running a simulation. The simulation is divided into application, cull, and draw
threads, a design based on the time-critical nature of the drawing process, which must keep the
hardware geometry pipeline full as much as possible. This level of multiprocessing is available to
even the simplest ObjectSim application.

The more complex an application becomes, the more need there may be to add more multiprocess threads.
For DIS applications with a receive network interface, the part of the application which reads the
incoming message buffer is typically a task, since messages are lost if the buffer is full when they
arrive. Device reads are other typical areas for tasks, since they can involve blocking while
waiting on a read. Expensive calculations can often be multiprocessed, providing a speedup for

time-critical processes which use the results of the calculations.
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6.8  Frame-Critical Processing

Every frame a visual simulation performs many necessary functions to compute a viewpoint.
Often, the correctness of the simulation depends on certain calculations, and these must be done
each frame. An example is computing a time step of the Virtual Cockpit and moving the airplane.
A common mistake, however, is to try and handle all process. ..z for a particular thread in one
thread of control on the application thread, even when the processing could wait for more time to
be available. The problem can occur when expensive floating point calculations or device reads
are used. Multiprocessing was one solution to this problem. This section will explore other
solutions.

One solution to this problem is to only do the offending calculations periodically. If the
periodic calculations can be tasked, this might work. Sometimes, though, the periodic calculation
involve data structures which are only visible on one thread, such as the Performer tree, which is
only accessible to the simulation on the application thread [SGI, p]. But, if the expensive work is
done periodically on the application thread, during the work a slow frame occurs, resulting in a
jerky appearance.

A better solution we came up with in our lab was a technique called subdivision. Subdivision
is a method of dividing a set of work over n iterations by only doing 1/nth of the work each frame
for n frames. This works well for arrays of objects which must have some calculations performed,
if the calculations are not critical to the realism of the simulation. In a test of subdivision with
radar calculations, the Virtual Cockpit subdivided over 10 frames intersection testing and
coordinate conversion for 300 objects in its radar. The result was an improved frame rate, from

10hz to 15hz, just from this one change.
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6.9 Shared Memory Locking

Shared memory is necessary when using multiprocessing to communicate between the tasks.
Often, this memory needs protection from mutual update or reads of incomplete data structures.
On the SGI machines, applications use locks associated with their siiared memory for this
purpose. A common technique is to allocate a large shared memory block for sharing between
two processes and to lock it when one or the other wants access. A problem arises when one
process is slow during its access, because the other one may be waiting on the lock for too long.
Again, if one of the processes is time critical, the all-important frame rate can suffer.

Many times, the whole shared memory area does not need to be locked for the concurrent
processing. If the concurrent processes are iterating over some array or list data structure, only
accesses to the same element must be locked. This can be accomplished by assigning different
semaphore locks to different portions of the data structure, or by dividing some number of
semaphore locks over a large array. Then, the concurrent tasks can avoiding blocking each other
out unnecessarily.

The other point about locking is that, if a time critical process cannot wait, it should test the
lock first before trying to wait on it. This means it might wait a frame or two for an update from
the shared memory area, >ut this is often superior to waiting on a lock that will slow dov/a the

frame rate.
6.10 Network Interface

The network int.rface design is particularly important from a performance perspective. This is
the portion of time a DIS application spends maintaining the correct state of the entities coming
over the network. This usually involves reading the network buffers, accepting or rejecting the

entity as important to the current simulation, dead reckoning the entities, converting the incoming
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coordinates into the simulation coordinate system, and correctly displaying the models. When the
number of entities increases into the hundreds or thousands, the efficiency of these steps becomes
very important.

The original network interface was what I will refer to as a thin-wire interface. The Entity
Object Manager had the job of reading the network buffers, storing the entities, dead-reckoning
them, and communicating their state to the application each frame when the application asked for
an update. It was configured to perform the buffer read and dead reckoning on a separate task,
so it could keep up with the incoming network buffer. In DIS, however, network entities
broadcast their position and orientation in earth-centered coordinates, and the application was
converting these two vectors into simulation coordinates each frame, whether or not any new
information had arrived, since the Object Manager was dead-reckoning. Since a coordinate
conversion involves 64 floating point multiplications per vector, the computation blocked the
application thread in a hurry when the number of entities went up. Another inefficiency was the
fact that the Object Manager copied its entity state into the application data structure for each
entity each frame, whether any new PDU had been received or not. The net result was an
interface that did not scale well for large numbers of entities.

To redesign this for performance reasons, I first created a field where I could store the
information if a new PDU had been received. Then, I only performed copying on those entities. I
only did the earth-centered-simulation coordinate conversion when I received a new PDU, and I
put this calculation off in a task. To protect the coordinate values during these conversions, I
assigned each remote player object a semaphore lock from a set of locks I was maintaining, to

avoid the problem I discussed above with one lock for a large set of data. Only converting when
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a new PDU was received meant my application now had dead-reckoning responsibility, so I
added the dead reckoning calculations on the application thread, which ensured smooth
movement. The net result of these changes was the frame rate went from 3hz with 400 smoothly
moving entities to 15hz with 400 smoothly moving entities.

Two other important points about network interface are gecmetry management and culling
entities based on their interest to the simulation. When many vehicles from the network are
displayed, the polygon count goes up. To manage this, network entities should have low polygon
LOD:s so they will not draw many polygons when they are not close to the viewpoint. Similarly, a
cull step in the network interface will not process entities which are not of interest to the current
simulation. For instance, the Virtual Cockpit can selectively decide which entities it cares about
based on its radar setting and possibly other parameters. So, in its network interface, it can test

incoming entities to see if it needs to maintain them in its processing loop.
6.11 Compiler and C++ Language Issues

This last section of the performance chapter will discuss the impact of the so called expensive
C++ language constructs (virtual functions and object oriented design) and compiler optimization
on the performance of our AFIT visual simulations. I will discuss a test performed involving
virtual functions in particular, and briefly discuss compiler optimization of C++.

The performance concern for C++ comes about when a virtual function call is performed, and
the run-time must make a decision about which subclass will handle the call, based on the type of
the object. Fast C++ runtimes implement this as a fixed offset into a table of function addresses
based on the type field of the object, commonly referred to as a virtual function table. For my
test, I surmised that a virtual function call would add little overhead to a simulation, in

comparison to floating point calculations, device reads, etc. I set up a test where I performed
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virtual function calls on network entities each frame - an average of one call per entity. Ilinked in
a set of simple geometry to reduce the effect of geometry on the result. I performed basic
processing during each call. I found that as the number of calls went up, the frame rate degraded
only slightly. For 10 entities, I recorded 20hz. When I increased to 100, I still recorded 18 hz.
400 entities reduced the rate to 15hz. I believe that about half of the degradation is due to the
virtual function overhead. Based on this, my feeling is that visual simulation applications can
successfully employ this technique to improve code structure and reusability.

The C++ translator and C compiler on the SGIs provide different levels of optimization. All of
our best performance results were obtained using the second level (02) optimization switch on
the compile line. To further improve performance (and get the benefit of register optimization),
the applications could explore the use of the third level (03). I believe this level will remove
virtual function overhead that can be statically determined at compile time (where no truly
dynamically determined heterogeneous function calls are being performed). However, this
changes the configuration management, since libraries now cannot be linked in as object code,

since they must be optimized also.
6.12 Conclusion

The developments in the Graphics Lab benefited from the reusable architecture approach of
ObjectSim. The developers were able : ~ share classes and reuse problem solutions. The numbers
we collected were based on the assessments of the developers using the architecture, and indicate
that the object oriented approach of ObjectSim is an effective way to accomplish reuse in an
environment such as the Graphics Lab at AFIT.

A visual simulation application can run into many pitfalls which can impact its performance.

This section has presented some of them and has discussed my experience in the Graphics Lab
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with improving the performance of simulations. I discussed several areas of performance
improvement. The real key to performance is to understand what the simulation is doing every
frame and answer the questions: Does it block? Does it do expensive floating point? Does it need
to be done every frame? Answering these and tailoring the simulation code will improve
performance problems in many visual simulations.

The final chapter will discuss the results achieved in the Graphics Lab this year, relative to the
initial goals of the research. Also, I will discuss the future direction for this work, and present
some recommendations for the future of DIS at AFIT now that an architecture like ObjectSim is

available.
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VIl Conclusions and Recommendations

7.1 ObjectSim

ObjectSim was the name for the reusable simulation architecture this research created. It was
a tool which allowed simulations to be written at a higher level than they had previously been
done at AFIT. In its present form, ObjectSim provides a good, but not complete, set of
capabilities to a simulation developer looking to get an application going quickly. It can be
improved in several ways. This chapter summarizes the research accomplishments and then

provides recommendations for improvement.
7.2 Accomplishments

This research met many of the goals outlined in Chapter 1. ObjectSim was successfully used
on four different thesis projects, and became the backbone architecture for visual simulations in
-.-# Graphics Lab at AFIT. By using an object oriented architecture, the student developers using
ObjectSim were able to bypass much of the complexity of writing a visual simulation and
concentrate on research-specific simulation topics. ObjectSim provides a reusable renderer,
several device interfaces and a device-independent interfacing strategy, modes for data display,
and many elements of a reusable DIS interface.

The projects using ObjectSim were quickly and incrementally developed. ObjectSim is a
rapid-prototyping capability for visual simulation, with a robust enough design that the prototypes
don't need to be rewritten to be useful as final products. The exi.«dng simulations in the Graphics
Lab now share a common, proven design, which should increase the maintainability and usability

of the research work accomplished in the lab th.. year.
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Each of the ObjectSim projects reached impressive levels ot capability while validating the
inheritance-based extensibility on which ObjectSim was designed. The Virtual Cockpit can run in
three different viewing modes, including an HMD and a multi-screen cockpit at the ARPA Sim
Center. The Satellite Modeller improved substantially on previous years' work, and provides a
very impressive, visually striking simulation. The Synthetic Battle Bridge has innovative user
interface techniques which explore new ground in immersive simulation. It also runs in several
modes. The Red Flag Remote Debriei” ag Tool is a powerful display console for Red Flag data
which was deployed on-site to test its effectiveness and received praise from users. All of the
simulations were a success. The reuse we achieved with our object oriented approach is a big
reason for the success in the lab this year.

I have several recommendations for improving and extending this year's work. Many of the
capabilities developed for the applications this year could be captured and made into reusable
pieces without too much effort. This would result in a more powerful reusable simulation with a

greater amount of engineering expertise built in.
7.3 Architecture Problems

Much of the library was implemented before I discovered the shared object solution discussed
in Chapter 5. The applications would be a lot cleaner and more understandable if the whole
library were converted to use constructors for the various objects, and to eliminate shared data
structures inside the ObjectSim code. Then the simulation class could have pointers to the
Pfmr_Renderer, Terrain, View, and a dummy Player declared in the superclass header. A default
class constructor could initialize the simulation and assign most of the pointers together, making

the application subclass responsible only for customizing the simulation, and not the messy object
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assignments it does now. Using this same technique, the applications could be converted to have
cleaner designs, and to get away from most of the shared data structures they maintain now. The
example programs found in the Application Developer's Guide are designed in much cleaner ways
than the actual instantiations.

The Terrain and Simple_Terrain classes are lacking in their abstraction. Specifically, I didn't
completely specify the functions the Terrain class should require of its subclasses to be abstract.
The Simple_Terrain as originally implemented also had the static features defined inside, and this
is questionable abstraction. A better design would be to have another class responsible for the
dynamic aspects of the world, and to have the application instantiate one of these if it needed it.

The Sim_Entity_Mgr class, part of the network interface, is a conglomeration as originally
implemented. The functions it does are reading network events, testing them against players,
model switching, and maintaining a current list of local/remote simulation entities. Much of this
work is done using