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1 Scope
11 Introduction

This document describes the configuration management plan applying to
alt artefacts supporiing this project.

-Such artefacts will include hardcopy and electronic representations of
documents, as well as the source code files which comprise the software
implementation.

This document reviews the procedure which applies to the management
and storage of thes_e artefacts. :

.2 Purpose

Configuration ifems are individual documentst forms and source oode
modules in e!ectronlc and hardcopy format. They comprise:

= Managemsnt Products and procedures
» Technical Products, and

"~ o Quality Assurance products

1.3 Applicability

To be referenced by all individuals who engage in product deve[opment
for thie project.
14 Audience

The foliowing comprise the audience for this document:

&. The developer of this product, namely Warren Blumenow |
b, The project manager, namely Professor Bairy Dwalatzky

¢. The members of the SEAL Management Board

d. The Head of Department of Electrical Engineering

e. Individuals who perfrm internal and external audifs on projects
uidertaken within tre SEAL Quality Management System.

whD0Eww, 102 doc : Verslon 1.02 8 September 1958 Page &
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1.8

1.5.1

Applicabie Documents

Standards

a. SEAL QMS Document Layout, Presentatidn and Typesetiing Guide, QS
003, Revision 1.00, 3 October 1894,

Requiremerits Traceability

& 809001 (1994) 4.5 Document Control

b. 1SO2001 (1994) 4.8 Product |dentification and Traceability
c. 1SO8001 (1994) 4.13 Control of Non-Conforming Product
d. 1IS09001 (1894) 4,16 Quality Records

Page s
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2 Documentatioh Structure

The documents are categorised fo reflect the nature of their content. The
key categories of document- include:

« Management Products,
* Technical Products, and

« Quality Asstrance products.

whoOBww.10Z.doc : Version 1,02 8 Seplembar 1588 . Fage 7
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3.1

Artefact Identification

This section defines a consistent referencing system that shall be used for
ail artefacts. All arfefacts are identified by both an ariefact filename
followed by an artefact file extension in the followmg fon‘nat as described
in the following paragraphs.

<name>.< extension>
File Naming Convention

Project Products—Multiple word procassor types present
The file name will be struciured as follows:

WBXXXYY .ZZZ

Where WB is the 2-letter acronytn for this project,

XXX is the 4, 3, or 2 digit sequence number of this document,
YY ig # file type identifier as follows:

s WW.— Microsoft Word for Windows Document

= WT —Microsoft Word for Windows Docutnent Template

» TX—LlaTeX

« AS — Pure ASCII Text

+ HG — Hard Copy File (No Source Present)

+ PS8 — PostScript File

s PP — Microsoft Pow: rPoint Presentation

Z7Z7Z s the version number of this file, starting from 001 as the initial
revislon, When a document [s baselined as the first version, the most
significant digit will represent the version number,

Examplai_The User Reference Manual for the SQM project has the.
filename SQMO01WW.001, It is interpreted as the document SQMOO1 of

type Word for Windows and is the first version in the sequence. This is the
initiat revision of this document. The approved first baseline version of this

Page §
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document will have the revision number 100, and wlll be hamed
SQMO01WW,100. '

312 Code / Line Art/ Image Files
' The file name will be structured as follows:
WBXXXYY.BBB
~ where WB is the 2-letter acronym for the project,
XXX Is a 3 digit serial number

YY Is a two digit version number, in the range 01 to 99, and startlng Trom
o1,

BBBisthefi Ie extension and will be whatever the particular compiler!tool
demands. -

The BBS file extensions that are used will include:

» CDR — Corel Dfaw Image File

» MDL — Rational Rose Petal File

¢ CPP, H— C++ Source Code Files

» EDG — Edge Diagrammer Fiowcharts

s PCX, GIF, BMP — Bitmap Imags Flles

s AVl — Video Sequenoe Files

Example: The third display module (Version 2.4) for the CART project

could have the following filename: CRT00324.CPP, if it was written in
G,

3.1.3 Project Audit Repotts
The file name will be structured as follows:

9507AASS.PAR, where

95 is the 2 digit serial number representing the year of project initiation

wh006ww,102.doq . Verelon .02 8 September 1998 Page 5
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3.1.4

3.2

3.2.1

07 is the 2 digit serial number representing the prOJect (D accordlng to the
SEAL Projects Register (QS 199)

AA is & two letter acronym repreSenting the audit type: Pl = Project
Initlation; IP = Project In-Process; PC = Project Closure.

88 is a 2 diglt serial number in the range 01 to 99, and starting from Q1.
88 only applies to audits of type 1P’

" PAR is the file extension, which stands for Project Audit Report

Example The third Project In-Process Audit Report for this project initiated
in 1985, with an ID of 07 would have the following ﬂlename_

9507IP03.PAR.

Minutes
The file name will be structured as follows:

YYMMDD-X.BBB
where YYMMDD represents the date of the meeting at which the |
particular minutes were takan, YY represents the vear, MM represents the
rmonth and DD the day of §- 2 particular meeting.

X is a 1 digit meefing sequence number.

MIN is the file extension, which stands for Minutes.

Example: The minutes of the first meeting held on the 4th of March 1995
would be saved in a file with the following filename: 850304-1.MIN.

Project document sequence numbering

Where the document sequence number compriges 3 digits
« The MP series will be from 001-099
s The TP series will be from 100—499

» The QA series will be from 5009989

Page 10
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41

4.2

4.2.1

422

Artefact Management

. ‘The contrals adopted for this project are as follows:

Active Machine used for supporting ﬂie files

.SEAL Lab Computer System S—41 is the resident computer.

' Directory Structure

Drive Partitlon
The E Drive partition I used.

Project Directory

= \1995_07\MP - for the storage of the management series documents

e \1995 O7\TP - used for the stor_ag.e of technical products, as follows:
s \{985_07\TP\APP - Application Description
e \1995_07\TP\BOOCH - Rational Rose Booch Diagrams
« \1995_07\TP\CODE - Program Code Fragments. |
'-. Vi 995_ﬁ7\TP\CONCEPT - Conceptual System Design
s  \1995_07\TP\CONCLUDE - Diséertaﬂon Conclusions
e \1995_07\TP\DIAGRAMS - Figures And Diagrams
+ \1995_OT\TPA\FLOWCHT - Algorithm Flowcharts
+ \1995_07VTP\HLD - High Level Software Design

o \{995_OT\TPWTPAPER - Joint Paper in cohjunction with Gearge
Spanellis

o \1895 O7\TPALLD - Low Level Software Design
» \1995 OT\TPALTSURVEY - Literature Survey

v 11995 _O7\TPWISC - Various documents including dissertation
front pages _ o

whiigww, 102.doa Verslon 1,02 8 September 1698 Page 11
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\1985_O7\TP\PAPER - MSc Paper

\1895_ONTPVFFES - Product Functional Specification

\1895_O7\TP\PROGRESS - Progress Reports,

\1995_07\TP\PROPOSAL - Project Proposal,
\1955_07\TP\REFS - References and Bibliography
\1995_O7\TPIRESOURCE - Varlous Resources

\1995_O07\TPAURM - User Reference Manual

-~ \1995_OT\TP\VRAISE6 - documents relating to the VRAIS 1896

symposium in Santa Clara.

\{1995_O7T\TPAVRSTS7 - documents refating to the VRST 1997
conference in Switzerland.

« \1985_07\QA - tged for the storage of quality assurance products
ncluding minutes of review meetings, audits of the system, and
correspondence,

 Page 12
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5.1

5.3

Archiving of Artefacts

Electronic Artefacts

On preoject completion an archive copy of all electronic artefacts -
supporting this projects will be supplied on recordable optical disk. The

optical disk will be kept iri the official SEAL plastic folders immediately
inside the SEAL Project Binder.

Backup procedure on computers In the SEAL Post-Graduate

_Laboratnry Facilify .

' Computers in the SEAL Laboratory Facility are subject to. the foliowing

backup procedure:

a. Daily Béckup': Project files are archived to the stiffy diskettes kept
inside tha SEAL Project Blnders, using the 32-bit ARJ utility. (Risk
covered: Failure on the hard disk or inadvertent loss or corruption of
data.)

b, Weekly Backup: Project files are archived to the SEAL FTP server in
the /home/SEALPROJ/M895_07 directory using the ARJ utility. This
action ensures that these project artefacts are archived to a site
outside the SEAL Lab. (Risk covered: Destruction or foss of the
computers in the SEAL Lab by fire, theff, or other disaster.)

Hardcopy Records

Are maintained in an officlal SEAL .Project Documentation Binder in the
Project File in Room CM2.221 (The SEAL Laboratory Facliity).

wh00Bww.102,dos Version 1.02 8 September 1998 Page 13
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8 Configuration Status Accounting

The Project Manager is responsible for ensuring that status of artefacts
recorded in the Master Document List corresponds to the:

» identity of the artefacts in the file directories, and

» the revision numbers are cotrect.

Page 14 Verslen 1,02 § September 1928 - WhDQBwWw.102.doc
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1.1

1.2

1.2

1341

Scope

Introduction _
This document presents a survey of the relevant literature pertaining to

Virtual Reality technology, Virtual Environment systems and architectures,
as well as other aspects that are relevant to the project at hand.

A general backgrourd to Virtual Reality is provided, including a discussion
of the key features which characterise a Virtual Reality system, a
description of specialised hardware devices, and a review of applications
of the techriclogy.

Some of the important design lssues related to VR system design are
highlighted, and several coniributory technologies which facllitate
addressing these design issues are discussed. A number of architectural
approaches and design strategies which have been encountered in the -
literature are presented.

Purpose

The purpose of this document is to furnish the reader with the necessary
background to the technologies being dealt with, and to provide insight
into the important strateglc Issues thal must be addressed by the system.

- The document is intended to summarise the main features of existing

systems and highlight key issues so that the design cholces which have
been made in formulating the architecture of the system at hand can be
understood in their proper context.

Definitions

Abbreviations

VR = Virtual Reality

VE = Virtual Environment

MVC= Model-View—Confrolier

DSM = Decoupled Simulation Model
BOOM = Binocular Omni-Orlanted Monitor

CAVE = Cave Automatic Virtual Environment

- Paga b
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1.4 Audience

The audience for this document includes the project manager, members of
the SEAL management board, the - xternal examiner, and any other .
interested parties.

1.5 ~ Applicable Documents

1,5.1 Standards
a. SEAL QMS Doclment Creation Template QS 002, Revisnon 0. 02, 3
October 1994 .

b, SEAL GMS Document Layout, Presentation and Typesetting Gulide, QS
003, }'\evismn 1.00, 3 October 1994

w101 ww,103,doc " Varsion 1.03 & September 1958 : -~ Page?
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2.1

Background to Virtual Environments / Virtual Reality

Definition

Blay, et al. [1992] deseribe a Virtual Environment as & realtime simulation

in which the user Is immersed in a three dimensional graphical space, The
user is given freedom of movement within the space, and is able to
interact directly with the simulation. Shaw, et al, [1892] refer to Virtual
Reality as the highly interactive three dimensional control of a
computational modsl, in which application data is manipulated by means
of natural three dimensional interaction techniques. According to Blake
[1994], the user is placed Inside a virtual space, within which he can seem
to change his viewpoint and can interact with and manlpulate objects in
the space. .

From these. descriptions and a broad review of the Virtual Reality
Literature (Shaw et al. [1993], du Pont {1993], Loftin and Kenney [1995),
inter alia), a number of key feafures can be identified as comprising the
ctitical aspacts of Virtual Reality. One of the most important characteristics
of Virtual Reality is that the user interface is interactive. The user's
interaction with. the virtual world involves three distluct components:

‘viewpoint, navigation and manipulation. In order fo provide the underlying

application with which the user interacts,: modelling and simulation must
be present. Finally, immersion refers to deceiving the usei's senses so
that the user believes that he is physically in the virual world, Each of
these features is discussed brisfly below:

ViewpointiAspect The ability of the user to change his point of view in
observing a three dimensional scene is probably the most distinguishing
feature of what constifutes a Virtual Reaity user interface. This is the most
fundamental way in which a user can interact with a virtual space—by
“looking around" or facing in a particular direction.

Navigation Providing freedom of movement within the virival space
allows the user fo view and Inferact with objects in the scene from any
chosen angie. In addition, the user may move closer to objects of interest
in order to view them in greater detail, or move backwards in order 1o
obtain a broader perspective and perceive the spatial and hierarchical -
relationships which exist between the objects in the world.

Manlpufation The use of natural three dimensional interaction
mechanisms allows the user to directly manipulate objects in the virtual
wond. The user may grasp or release objects, or provide semantic input
into the simulation through the use of gesture.

Page 8
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[ Note: Whenever the user changes his viewpoint, navigates
through the virtual space or manipulates an objecl, it is crilical thaf
correlation between user input and displayed image is maintained,
The interactivily of the system will be compromised if there is lag
between the user's actions and the resulting change in the visual
display. This is an important consideration in the design of a Virtual
Reality system, and Is discussed further in Section 3.

Modelling In order to present the user with a logical and consistent’
envircnment, the VR system must maintain some model of the objects
which are contained in the virtual world and with which the user interacts,
Because it is such a fundamental feature of Virtual Reality, some form of
modeliing i is implicit in any VR application,

Simulation A useful Virtual Reality system will invariably incorporate
some underlying process with which the user inferacts. This process
. usually takes the form of a continuously running simuiation which provides
the non-graphical functionality of the system. It is often advantageous to
~decouple the user interface from the application-level functicnality of the
system. This separation allcws the system to interface easily with existing
applications and, possibly more significantly, eliminates the dependency of
the graphics rendering rate on the speed of the simulation. The latter
consideration is covered in Section 5.2.

Immersion Immerslon refers to the ilusion of being inside a virtual space.
An immersive VR system deceives the user's senses, causing the user to .
feet as though he Is physically located in the synthetic environment which
is presented, Immersion is a key benefit of the Virtual Reality user
interface paradigm, since gives the user the sensation of interacting
directly with the application, and not using a computer at all,

Specialised VR hardware is used to create the illusion of immersi .
Typically, this includes a head-mounted display or other immarsive display
device, and head tracking hardware which can determine the position and
orientation of the user's head. By means of these devices, the system is
able fo present the appropriate synthetic images to each eye based on the
user's current viewpoint, The use of natural three dimensional input
devices allows for direct manipulation. These and other VR hardware
devices are discussed in the following section.

wb10Tww.103,doc Verslon 1,03 8 Sgptamber 1998 Paga §
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22

2.21

Hardware Devices
Various types of spec1allsed hardware exist to support Virtual Reality

applications. These inciude [de Waal and Olckers, 1994; Blake, 1994]:

Qutput Devices:

stereoscopic head mounted displays (HMDs)
tactile feedback devices

virtual acoustic displays

other output devices

Input Devices:

+ six degree of freedom tracking device
s giove-based input devices (datag loves)

. cther input devices

Each of these will be dlSGUéSed here briefly. For a mare detailed treatment
of these technologies, the reader is referred to de Waal and Oickers
[1994] and Blake [1994], as well as various books which deal with genera!

aspects of Virtual Reality, such as one by Hamit [1993] and one by

Wodaski [1993] which are listed in the bibliography.

Qutput Davices

Sterecscoplc Head Mounted Displays A Head Mounted Display (HMD)
(also referred to as a “Helmest Mounted Display” in military or aviation
applications) is a display device that is mounted on the head of the user.
Smali CRT or L.CD display screens within the device present computer-
generated images directly to the user's eves [de Waal and Olckers, 1994).
The user is ahle to move his head fresiy, and the display moves along
with it. The images which are presented to the user's eyes are correlated
to the user's head movemenis through the use of a head tracking device
(refer to the discussion of six degree of freedom tracking devices below).

Ciitical features which need to be taken into account in the desigh or
selection of an HMD are the physical size and weight of the device, the
iield of view (horizontsl and vertical), and the display resolution and optical
perfarmance of the device, There are generally trade-offs between these
parameters such as fleld of view vs, optical performance. The higher the
field of view the lower the quality of the displayed image is likely to be
[Zwern, 1985]. Most HMDs are stereoscopic; the image which is
calculated for the left eye differs slightly from that presented to the right
eye, resulting in the realtime illusion of depth.

Tactile Feedback Devices Haptic or tactife perception refers to providing
the user with a physical sensation of the virtual world through the sense of

Paga 10

\grsion 1.03 & Septambar 1968 : whb101ww.403.dos



 OOVE

Literature Survey Doc. No. WB 104

touch. Devices in this category supply kinaesthetic information about the
environment which can take the form of mechanical, themal, electrical or
chemical stimuli. Though the use of such devices, the user is able to
perceive, in a tactile manner, the shape, texture, temperature, elasticity
and force reflecting characteristics of objects in the virtual world. In this
way, the user is given feedback concerning his interaction with the system
[Hettinger, 1997]. '

Virtual Acoustic Displays The purpose of virtual sound in Virtual Reality
is to present the user with an auditory representation of the virtual world
which closely emulates real-world acoustic behaviour. Auditory information
which is presented in this way is able o be intuitively interpreied by the
user. Humans have an innate ability to selectively concentrate on one
particular sourid source in the midst of noise; auditory perception of the
environment can greatly enhance the uger's interaction with the system.
For example, the user may be engaged In one area of the virtual
environment, and have his  attention aftracted by potentially relevant
auditory information originating in another area, potentially not within the
cuirent visibie region.

' Virtual acoustic dicplays are primarily cohcérned with the production of

externalised three dimensional sound. An acoustic image is said to be .
externalised if the sound source appesrs to the listener to lie outside the
head [Durlach et al., 1992). Three dimensional sound refers to sounds
which are able to be locglised in space. Auditory localisation involves the
concept of a head-related transfer function, which modeis the spatial
characteristics of a particular individual’s head and outer ear. Scund
delivered by means of headphones effectively bypasses the filtering effect
of the user's outer ear, By simulating the acoustic properties of the user's
auditory apparatus, the head-related fransfer function, when applied to the
signal, allows sound to be produced, the origin of which appears to be
localised in space.

Other Output Devices Various oulput devices other than those
discussed above have been developed, usuaily for use in specialised
applications, or in situations with particular requirernents.

The BOOM (Binocular Omni-Orientied Monitor) is a stereoscopic monitor -
mounted onto a series of counterbalanced kinematic linkages. It uses
mechanical tracking fo determine position and orientation, by means of
shaft encoders which measure the relative positions of the support arms
[Blake, 1994, de Waal and Olckers, 1994].

Various devices exist which augment the display produced by a
conventional computer screen. These include the Cyberscope [Blake,
1994}, which attaches to the computer screen and into which the user
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peers; and various types of shutter-based glasses which add stereoscopic
capabilities to a standard display monitor.

The CAVE (Ci.ve Automatic Virtual Environment) uses three projectors to
display images onto two walls and the floor of a ten-foot cube inside which
the user stands. The user wears stersoscopic shutter glasses, and the
user's head position and ofientation are tracked so that the images can be
rendered in comrect viewsr-cenired three dimensional perspective [Disz et
al., 1985].

Head-mounted displays which overlay computer-generated images onto
the real world are termed augmented reality devices, The principles
underlying the operation of these devices are generally simifar to those
pertaining to ordinary HMDs,

Input Devices

8ix Degree Of Freedom Tracking Devices Tracking devices are used to

measure the position and orientation of a device or of some part of the
user's body. For example, a head tracker is generally used in conjunction .
with a head inotnted display to determine the position and orientation of-
the users head. Based on this information, images are generated for each
eye so that the view presented fo the user is consistent with his head
movement. Position and orlentsation trackers are also used for tracking
data gloves and other inpuf devices.

In general, six degrees of freedom are both necessary and sufficient to
fully specify position and orientation in three dimensional space. The six
degrees of freedom referred to are the x, vy and z co-ordinates of the
tracker's position in three dimensional space, relative to some static
reference point, and the roll, pitch and ;aw values which define the
orientation of the fracker.

There are various methods of performing position and orientation tracking.
These include magnetic, optical, physical and acoustic tracking. One of
the most successful and widely used tracking methods invoives the
interaction of magnetic flelds. This is the msthod employed by the

popularly used Polhemus 3-space fracker, as well as by trackers

manufactured by Ascension Technologies. A pulsed magnetic field is
radiated from a stationary source. A sensor, which can be attached to any
object, repoi'ts it's position and orientation in space relative to the source
by measuring the magnetic field interaction [Sturman-and Zeltzer, 1994].
Optical tracking relies on a system of markers, and is performed by means
of cameras. This method is computationally demanding, and is often .
unable to be performed in real time. Furthermore, opfical trackers are
unable to resovlve markers that are in close proximity to one another.
Physical tracking devices Involve sensors which are physically attached to

Page 12
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the device being tracked. Examples include tilt sensors, accelerometers,
and compasses. Acousfic trackers generate pings of high frequency
sound and use triangulation to datermine the position of the source, These
systems are affected by noise and acoustic reflecfions. Both optical and
acoustic fracking are restricted to line-of-sight operation; this limitation is
not applicable to magnefic trackers.

Glove Based Input Devices The use of sensing gloves in Virtual Reality
_ allows the dexterity and naturalness of gesture and hand motion to be
exploited as an input modality. Glove based input devices are often
referred to generically as datagloves. The name ‘DataGlove’ Is in fact the
tradename of a particular glove device manufactured by VPL Research.

Datagloves are generally able to measure both handshape and hand
motion. Handshape is typically measured by means of electromechanical
devices which fit over the hand and fingers, such as fibreoptic sensors or
flexible straln ;gauges, Hand motion may be obtained optically through the
use of & camera, or by means of an acoustic or magnetic tracking device
as discussed abave [Sturman and Zeitzer, 1994].

The interpretation of gestures is generally achieved in software, using the -
raw handshape and hand motion information captured from the dataglove
as input, and employing, inter alia, filtering, rule-based and neural network
approaches to process the transduced data.

Other Input Devices

In addition to those discussed above, there are varlous other input devices
which have been developed to support VR applications.

The concept of a dataglove as discussed above can be extended so that
in principle any part of the user's body can be tracked. The culmination of

- this is a full body sujt which monitors the position and orientation of the
user's entire body [de Waal and Olckers, 1984,

The SpaceBall is a six degree of freedom tracker which consists of a fixed
ball connected fo a base unit. The ball is grasped by the user and it
measures the applied pressure and tortional forces to which it is
subjected. The user performs three dimensional manipulations by twisting
or moving the ball, '

Paosition and orientation tracking devices are often attached to objects
other than the user's head or hand. Examples Include baseless joysticks,
3D mice, and the hand-held wand device employed by Taylor, Stevens
and Canfield [1995].
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2.3

Applications

Numerous applications for Virtual Reality technology have been described
in the literature, What characterises the majority of these application areas
is that they represent tasks that are difficult to perform using traditional two
dimensional user inferfaces. Three dimensional immersive user interfaces
and Virtual Reality have a number of unique characteristics that
distinguish them from familiar {ext-based or window-based systemns-—
most significantly natural interaction mechanisms and direct manipulation
[Shaw et al., 1993). The most suifable candidate applications for the
technology are those that are able to exploit these unique features to
solve problems in areas where traditional user-interfaces fall short.

West et al. {1992] describe several VR application areas, including three-
dimensional Computer Aided Design (CAD) and information management.
De Waal and Olckers [1984] comment on the use of Virtual Reality in
architecfural design, entertainment and medicai applications. The
technology has also been used successfully for scientific visualisation
[Tayior, Stevens and Canfield, 1995}, military simulation [Zyda et al., 1982}
and education and training {Loftin and Kenney, 1985).

The potential range of applications for VR technology is cleatly very broad,
and a detailed discussion of applications such as CAD, medical imaging,
architecture and entertainment will not be undentaken here, Of particular
relevance to the project at hand is the appl:catlon of VR in the field of
information visualisation.

The use of VR for informetion visualisation recognises the fact that
humans have inherent visual perception and spatial skills that are ‘argely
ignored in conventional approaches to the presentation- of information
[West et al., 1992:2], The volumes of information needing to be deait with
are increasfng rapidly, and fraditional data processing and analysis
approaches are often unable fo cope with the sheer volume of data.
Interactive visualisation technigues are able fo accelerate the
comprehension and interpretation of information, and enable intuitive and
rapid access fo required information [Risch et al., 1998}

Page 14
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3.1

Design issues

. There are & number of lssues which need to be considered in the design

of .uteractive three dimensional user interfaces. Some of these issues,
inciuding visual update rate and lag, are related to system performance
Other considerations are cost and hiuman faclors.

Visual Update Rate

The overall performaunce of any Virtual Reality application is to a large-
extent determined by its ability to maintain a high visual update rate.
Smoothly animated images facilitate interaction with the system, and
contribute significantly to the illusion of immersion that the user
experiences.

In order for the tise'r to perceive the individual frames being genérated as
smaoth motion, a high frame update rate must be maintained. According
to Shaw et. al [1993:4] ty appear smooth, the visual update rate must

~exceed 10 updates per second. Schaufler {1996:95] indicates that frame

rates as high as twenty frames per second are required. Hubbold et. al
[1893:5] concur that at least 20 frames per second (fps) are generally
required for the lllusion of continuous smooth motion, They note that only
at frame rates approaching €0 fps, are all artefacts such as ghosting and
aliasing completely eliminated. By way of comparison, the video formats
PAL (Phase-Altemation Lino)' and NTSC {National Television System
Committee)® provide frame rates of 25 and 29,97 fames per second
respectively [Shnier, 199€1. Shnier notes that because of its lower frame
rate, PAL often shows noticeabie flicker as compared fo NTSC. '

Vaiious techhiques for improving the rendered frame rate are described in
the literature. All of these methods involve decreasing in soime manner the
amount of computation needing to be performed betwesn display updates.
The approaches that have been encountered include:

» decoupling of the visual update loop from sirulation computation, to
eliminate temporal dependency betwsen r.ndering and non-graphical
processing {Shaw et al., 1982] (discussed fully in Section 5.2)

' PAL is the broadcast television format used In Western Europe (Including the United
Kingdom} and Australia, It is not well standardised {cartain countr” x use slighfly different
implementations).

2 NTSC is the broasdoast tefevision forimat used [» Nerth Amerlea and Japan, stendardised
in 19563,
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« time critical computing, in which computation acouracy is sacrificed in
favour of computation gpeed [Taylor, Stevens and Canfield, 1995]

» adaptive rendering schemes which simplify, in various ways,
geometric models being dealt with, thereby reducing graphics
computation. Examples of this include scene complexity reduction
[Taylor, Stevens and Canfield, 1995], re-use of parts of previously
rendered frames [Schaufler, 1998], and level of detail reduction in
displaying distant or temporarily unimpaortant objects fOhishima,
Yamamoto and Tamura 1986] -

« the use of distrlbution and parallel processing, which has the net effect

of increasing the available computing resources, thereby reducing the

. computaiional load on each procassor (this aspect is dealt with fully in
Section 4.2)

Interaction Lag

One of the key requirements of Virtual Reality is interactivity. in order for a
VR system to be Inferactive, the images presented to the user must
respond rapidly to the user's actions [Shaw et. al, 1983).

if the {ag betwaen the user's actions and the system respense is too long, -
the user has a tendency to compensate by modifying his behaviour.
Examples of this which have been idenfifiad by Shaw et. al [1993] include
the user slowing down his movements, and the adoption of a move and
wail strategy. When this occurs, the interactivity of the system is adversely
affected. in addltion, interaction lag may have other consequences for the
user, such as disorientatlon and cybersickness (see Section 3.4).

.Pausch [1991] nofes that low interaction latency i more important than

graphics qualily—a user is more willing to tolerate low display resolution
than high interaction lag. The usability of a system which suffers from low
graphics quality but provides realtime response fo the user will be far
greater than a system which renders photo-realistic images at the
expense of interactivity, Hettinger [1997] suggests that "The success or
failure of a particular VE system Is not necessarily a function of how
‘realistic’ i is. Rather it is a function of the extent to which the [human]
behavioural goals of the svstem have been met”,

In order for a VR system to be responsive, there needs fo be a tight
coupling between the user's actions and the system's response. The
system must provide rapid feedback to the user and an acceptable closed
loop response time. According to Shaw et al. [1993], for the system to be
regarded as responsive, the maximum tolerable Image lag between
movement and image update is 100 milliseconds. This is especially true
when a head mounted display with head tracking Is used.

Fage 16
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Various methods for reducing temporal-spatial distortion due to lag
between user input and visual feedback have been investigated. Many of
the techniques described above for improving the visual update rate will
have the concomitant effect of reducing lag by decreasing the amount of
computation needing to be performed between obtaining input from the
user and producing the final rendered result. In addition, there exist
strategies which are specifically aimed at reducing lag:

o Liang, Shaw and Green [1991] designed a predictive Kalman filter to
compensate for delay n head tracker orientation data which they
determined to be responsible for much of the Jag experienced by the
user of an HMD. The system predicts future input data from the head
tracker by extrapolating from known previous data.

¢ [n a distribufed VR system, effective use can be made of a technigue
called “dead reckoning”. In essence, dead reckoning involves
axtrapolation of an object's current position and orientation based on
its previous position and orientation, combined with knowledge of its
motion characteristics. For example, if the location and velocity vector
of an object at a particular time is known, then an approximation of that
object's position at some future time can be calculated, This reduces
lag since the rendeting subsystem can use the locally calculated
approximation and does not need to walt for an update before
rendering the object. The Distributed Interactive Simulation (DIS)
protocol {deseribed in [Roehl, 1896)) uses this technique. Each node
calculates the state of any objects in the simulation for which it is
responsible, petlodically sending updates to other affected nodes. All
nodes sun the dead-reckohing model: remote nodes use dead-
reckoning between updates; the local nodée determines how frequently
to send updates by monitoring the deviation of each local object’s
behaviour from the dead-reckoning model.

s Where nelwork communication is involved, network latency can
contribute significantly to the ov.rall system lag. Increasing the
available network bandwidth is one method for dealing with this
[Taylor, Stevens and Canfield, 1995), A second approach Js o improve
the network communications protocols which are used [Kessler and
Hodges, 1996). Lastly, the use of dead reckoning as described above
also reduces network latency by reducing the frequency of network
traffic——updates are not sent over the netwik if the dead-reckoning
model is sufficiently accurate.

3.3 Cost Considerations

Typically, the cost of implementing a Virtual Reality system is high, The
two main contributing factors are the computationally Intensive nature of
the task, Jeading to a need for powerful and hence expensive computer
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hardware, and the substantial cost of speciallsed VR input and output
devices.

The Iatter problem may be alleviated through the use of so-called
“fishtank” VR systems, which make use of a standard display monitor for-
the presentation of graphics, and standard input devices, such as a mouse
or keyboard, Koller et al. [1985] for example, describe a Vitual GIS
system which features both a workstation window-based interface and an
immersive head mounted display-based interface. Although fishtank
implementations are not as Immersive as glove and HMD-based VR
systems, the substantial benefits of three dimensional presentation of
information are not lost. Specific devices which provide significant ity in
the context of the patrticular application area being addressed can be
added as required, or low cost aiternatlves can be considered [Pausch,
1991]

There are several ways to reduce fthe computational Tesource
requirements of a VR system:

» The rendering algorithms which are used can be optimised. A number

- of approaches for improving the visual update rate were discussed in
Section 3.1 above, Seen another way, if the frame rate remains
constant, the use of stuch techniques reduces the overall processing
requirements of the system. The system is thurefore able to provide
the same !evel of performance on less powerfutl hardware.

¢ The functionality of the system should be matched to the req uirements
of the application. Pausch [1991] notes that for many applications,
extremely high spatial resolution or stereoscopic display may not be
necessary,

» Distributed processing can be used to divide the computational load
between a number of low-cost machines. Kyriazis [1990:23] points out
that the cost of a single sequantial machine which provides the same
combined level of performance as a system which makes use of
parallel processing, is in general significantly higher, The use of
distributed processing for Virtual Realily is discussed further in Section
4.2.

Human Factors

The design of any user-inferface must take .info account various human
factors such as usabllity and ergonomics. There is ihcreasing recognition
of the role of cognitive sclence in human-computer interface design.
Virtual Reality systems in particular infroduce issues which are specifically
related fo the immersive nature of the interface and its effects on human
perception,
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The need for adequﬁte frame rate and low lag have already been
discussed, both of which contribute significantly to the usability of the:
system and its acceptance by the user.

One of the main problems with Virtual Reality user interfaces is their
tendency to induce motion sick ess, The temmis "simulator sickness” and
“cybersickness” are often used to describe the side effects resulting from
the use of VR systems, Cybersickness is, according to Hetfinger [1997],
“primarily visually-induced motion sickness Involving the occurrence of
symptomatology in physically statiohary individuals”. Symptoms may
include disorientation, nausea and oculomotor problems [Loftin and
Kenney, 1995].
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41.2

Contributory Technologies

Object Ortentation

Thiz section should be read in conjunciion with Secfion 2 of the High Leve!
Software Design (WB 105), which deals with objecl-orfented softwars
devefopment.

Overview : o
The applicability of object orisntation as a software architecture for high
petformance graphics applications, and for interactive, realtime . three

dimensional user interfaces and Virtual Reality in particular, has been
highlighted by a number of researchers.

in his study on architectures for high performance graphics sysiems,
Kyriazis [1990:23-24] assesses the ability of object oriented systems to
efficiently perform tasks related to graphics algorithms. He concludes that
object orientation Is well suited to high petformance graphics applications.
According to Kyrlazis, object orientation provides a means for developing
systems which are both upgradeable and paralielizable. Graphics
algorithms are usually easily paralielizable, and decomposition of the
system into multiple functional units through the use of objects allows this
paralleiism to be exploited (refer to Section 4.2 belaw),.

The AVIARY system incorporates the object orienfed paradigm in fts
conceptual software mode!. [Snowdon, West and Howard, 1883]. Orice
more, one of the key advantages mentioned is the facilitation of paraliel
processing. The division of the system into objects provides “convenient
unlts of paralielism” which allows the exploitation of parallel hardware or
distributed systems. Additionally, objects are concepiually easy to deal
with, since they typically represent tangible entities.

Systemns

The AVIARY system comprises a hierarchy of virtual world classes {West,
et al,, 1992]. Each world class in the hierarchy defines the properties and
laws which govern objects in that world. Laws are implemented by means
of program code in the methods of the world class, The classes that are
used to define the objects or entities in the world are derived from the
world class, Each enfity class inherits the properties of the wotld class
from which it is derived, and adds functionality which is specific to that
entity.

Other object oriented VR systems include Alice ['Pausch et al,, 1995},
Bricknet [Singh et al.,, 1984} and VERN [Blau et al,, 1992]. A significant
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feature of VERN is that all code relatitg to communications and process
control Is encapsulated in the highest leve! classes of the class hierarchy.

Distributed Process’: .-

Qverview

Virtual Enviror.r .. systems described in the literature make use of
distributed procecsing for two distinct reasons-—the distribufion of the
computational load, and the sharing of experlences (by facilitating
interaction between more than one participant). Singh et al. [1994] refer to
these categories as single-user and muiti-user network-based virtual
worlds, respectively. The former has greater significance in the context of
the project at hand, since the scope of this work does not incl.de
interaction betweeit multiple parlicipants. However, many of the -
techniques used in the design of multi-user distributed virtual
environments ¢& - ser fo the design of systems that employ distributed
processing for . - stribution. '

Distributing the processing load over a number of workstations improves
tne computational capabilities available to the application. Hubbold et al.
[1993:9] note that virtual environments are inherently concunent, and
require the varlous input processing, rendering and simulation fasks all to
occur simultaneously. It is advantagecus to exploit this concurrency by
allowing components of the system to execute asynchronously on
separate processors. In this way, better overall performance can be

~ achieved through the utilisation of the comblned processing power of a

number of workstations [Singh et al,, 1994].

Distribution of processing additionally Improves the reliability and fault:
tolerance of the system. If a single node fails, only certain processes will
be affected, and the possibility exists for dynamically reallocating those
processes to other processors.

Systems

VR systems that make use of distributed processing in order to improve
performance include the MR Toolkit [Shaw et al., 1983], Alice [Pausch et
al,, 1995], DIVER [Gossweller ot al., 1993}, AVIARY [West et al., 1992}
and dVS [Benford et al., 1994], Al of these systems use a mulfi-process
architecture 1o faciiitate distribution.

The MR Toclkit makes use of a master/slave process organisation in
which a sentralilsed process performs the geometric modelling, and
manages communication between subordinate processes. It collects
device and simulation data from device servers and computation
processes, and despatol 3s it to any slave processes that need it. In Alice
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and DIVER, the simulation process spawns remote rendering and device
handiing processes. The simuiation provides the renderer with regular
updates; device handlers send updates tfo both the simulation and the
rendering processes. AVIARY uses a dedicated communications
subsystem through which loosely connected processes interact on a peer-
fo-peer basis.

Multi-user distributed VR systems include DIVE , Bricknet [Singh et al.,

. 1984), NPSNET {Zyda et al., 1992] and VERN [Blau et al., 1992].

Strategies for Disfribution

There are a number of mechanisms that may be used to facilitate
distributed processing. Two of the maost significant technigues are remote
procedure calls and distributed objects.

Remate Procedure Calls

The term Remote Procedure Call (RPC) refers to a protocal that allows a
program on one computer (cllenf) to execute a program on another

computer (server), The client program sends a message to the server with

appropriate arguments and the server returns & message containing the
results of the program executed. The semantics of a remote procedure
call are similar to those of a standard local procedure call. Sun
Microsysterms developed the first widely used RPC protocol as part of their
Open Network Computing (ONC) architecture in the early 1980s,
[Mecklermedia, 1998]

' Distributed Objects

A number of object oriented methods for programs to communicate with
each other have also bean daveloped. In genaral, they provide the same
types of capabilities as traditonal RPCs, but take advantage of the unique -
features of object orientation to hide the details of process distribution
from the application level processes. The most well known techno'~ jles
are CORBA and DCOM.

CORBA {Common Object Request Broker Architecture) is a specification
that enables objects to communicate with one another irrespective of what
programming fanguage they were written in, what operating system they
run on, or where they are physically located [Mowbray and Zahavi, 1995].
It is almed primarily at applic- tion inferoperablliity between heterogensous
systems and platforms.

CORBA was developed by an indusfrv consortium known as the Object
Management Group (OMG). There are several implementations of
CORBA, the most widely used being 1BM's SOM and DSOM architectures,
CORBA has also been incorporate] into Netscape's ONE (Open Network
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' Envnronment) platform. Microsofts COM and DCOM and Sun
Microsysterns' RMI are CORBA's main competitors [Mecklermedia, 1998].

The main focus of the abovementioned ocbject orientad dlstrlbuted
processing technologies is on inferoperability between widely disparate
systems. As a result, they must necessarily provide a broad range of
functionality and flexibility. One of the consequences of this is that
performance may be impacted. In an application such as Virtual Reality,
realtime performance is a key consideration,

According to McGoagan [1996];
.. "CORBA doss not currently specifically address reatime quputing"

In contrast to the multitudinous array of hardware and software targeted
by standards such as CORBA, a single-user distributed Virtual Reality

~ system wilt typically run in a relatively predictable environment. As a result,
the complete CORBA specification is not very weII matched fo the
reqmrements of distributed VR.

Tiie Realtime Platform Special Interest Group (RTSIG) of the Object
Management Group is currenfly examining ways of addressing this,
Including implementing a subset of the CORBA specification—"lightweight
CORBA", that is optimiged for h[gh speed and low overhead [McGoogan,
1608:22].
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5.1

Models, Architectures and Design Strategies

A number of different architectural approaches to the design of Virtual
Reality systems are encuuntered in the literature. Several methodologies
and models which have been deemed relevant to the project at hand are
discussed in this section.

Model-View-Confroller

The Model-View-Gontroller (MVC) user interface paradigm represents a
generic framework for structuring interactive graphical applications. |t
provides a mechanism for separating: the application state and behaviour,
the presentation of that state and behaviour to the user, and the means
whereby the usger interacts with the application [Krasner and Pope, 1988;
Burbeck, 1992]. The approach is well suited to the design of object
oriented graphics systems [Kyriazis, 1990:22],

An MVC application essentially consists of an Input subsystem, an output
subsystem, and soime model of the underlying application domain. The
Confrofler subsystem is responsible for handling input from the user; the
View subsystemn represents the output display perceived by the user.
Changes in the View take place as a result of fransformations performed
on the graphics datahase contained in the Model, The MVC concept is
iHustrated in Figure WB101-1..

MVC applications are typically characterised by what Krasner and Pope
{1998) refer to as a standard interaction cycle. When the user takes some
input action, the Controller notifies the Model to change itself accordingly.
The Mode! changes its state in response fo the received input, and notifies
both the View and the Controlier of the change. The View responds by
updating the display based on the new Madel! state, The Controller may
respond by changing the method of interaction. Provision is also made in
the model for communication between the View and Controller; this is
primarily used to manage the sharing of Input and output devices among
multiple applications {Butbeck, 19821
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Figure WB101-1: Model View Controller Arrangement
8,2 " The Decoupled Simulation Model

Pausch et al. [1995] indica{e that 2 problem with many existing Virtual

- Reality systems is that the graphics rendering rate is closely coupled to

{2 speed at which the underlying simulation proceeds. The Model-View—
Controlier metaphor in particular suffers from this limitation. The MVC
standard interaction cycle inherently limits updates to the View to the rate
at which the Model's state 1s updated.

From an implementation point of view, there is often a main processing

loop which repeatedly executes the following sequence of tasks:

« poll all input devices
e update the simulation
» update the representation displayed to the user

If the user changes his viewpoint, he must wait for a complete iteration of
the simulation to be completed before the display is refreshed.

Shayr et al. [1982; 1093} at the University of Alberta have developed the
Decoupled Simulation Model (DSM) for Virtual Reality systems. This
mode! pravides a means for structuring Virtual Reality applications so that
the user perceives smooth antmation of the environment, without temporal
dependericy on the processing rate of the application. The key feature of

_ this model is that the computation or simulation component proceeds

independently of the main visual update loop of the system.,

The Decoupled Simulation Mode! divides a VR system into four
components, as depicted in Figure WB101-2 [Shaw et al., 1992]:

¢ Computation

»  Geometric Modsl
s Interaction

s Presentation
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Figure WB101-2: The Decoupled Simulation Modal

Thea Computation component manages all non-graphical computations in
the application, It runs essentially independently of the rest of the system,
and typically takes the form of a continuously r.ning simulation which
evaluates a computational mode! of some process. The Computaftion
component periodically forwards its output data to the Geomaeiric M-del.

The Geometric Model component maintains a high level representavon of
the data generaied by the computation. It parforms a mapping from
applicatinon data to graphical data.

The Interaction component is respensible for handling all input from the
user., It provides an Interface: to the input devices used by tha system.

The Presentation component generates the view of the environment seen
by the user. This view will typicaily be visual, but miay aiso include auditory
and haptic feedback aspects. {n the sisual domain, the view rendered by
the Presentation component is based on graphical data received from the
Geometric Model as well as viewing parameters, such as the current
viewpoint, received from the inferaction component.

There are two main loops of information flow in the system. The first of
these is the interaction-geometfric model~presentation loop, which does
not include the computation component, and is therefore independent of
the rate at which the simulation proceeds. This loop is responsible for
visual updates [ response to the user's navigation througl the
environment, and needs to be optimised to ensure low lag and a high
visual update rate. '

The second, slower lonp takes the form of inferaction-computation—
geometric model-presentation, and occurs when the user performs
actions of semantic significance to the simulation,

Page 26
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5.3

In their work on performance modelling, Taylor, Stevens and Canfield
[1995] also distinguish between two categories of information flow. Their
immersive visualisation environment makes use of a head tracker and a
ward (see Section 2.2 above), In their implementation, each major
process of the system runs asynchronously. This inherently decouples the
simulation from the visual update of the display. The user's interactions
with the system by means of the head tracker do not modify the simulation
process. The simulation proceeds independently of changes in the field of
view produced by movement of the head tracker. This situation
corresponds to the interaction-geometric model-presentation loop in the
Lacoupled Simulation Model. Conversely, interactions by means of the
wand do cause modifications to the simulation process, the resulis of

which cause changes in the display. This coincides with the interaction— -

computation-geometric model—presentation loop in the DSM.

The distinction is made between viewpoint lag, which does not involve the
simulation and can be minimised to achieve a fast visual update loop, and
interaction lag, which takes into aceount the resuits of the simulation.

The Alice and DIVER systems developed by the University of Virginia
[Pausch et al, 1895; Gossweiler et al., 1993], also decouple simulation
and rendering. This is once again achieved by means of a multiple
process architecture. The processes responsible for computing the
simulation are separated from those that maintain the geometric database
and perform the rendering, These processes are able to run on separate
machines and communicate with each other over a [ocal area network, A
key aspect of these systems is that the application/rendering separation is

performed in @ manner that is transparent to the programmer. The

programmer is not required to explicitly coordinate communication
between processes residing on different machines,

Playars and Ghosts

The concept of Players and Ghosts has been documented by Blau, et. al
[1992], The context of their work is VERN, a system for distributing virtual
environments over a network of graphical workstations. Real world objecis
participating in a VERN distributed interactive simulation are represented
in software by software objects called Players. Each Player resides on a
particular machine, On every machine other than the Player's home
machine, there exists a comesponding Ghost for that Player. Ghosts act
as representatives for their associated Players. Thus, for each player
there is a representative on every machine, Blau et al. describe the
situation as follows:

*...in an N Player simulation on M networked machines, each machine
is guaranteed to have exactly N objects representing alf players.”
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A Player is therefore able to communicate with any other player as though |
it were resident on the local machine. A Ghost is responsible far
forwarding messages when necessary to its associated Player.

A VERN Ghost maintains an -approximation of the state of its associated
Player by means of a dead-reckeoning model. Eavh Player sends updates
to its Ghosts whenever its actual state deviates significantly frorm what is
predicted by the dead-reckening model. Messages received by a Ghost
can be of two types: queries and commands. Queries are typically used to
request the state of a Player, and are handied by the Ghost directly.
Commands, on the other hand, must be passed on to the Player.

Page28
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6 Summary of Relevant Virtual Reality Systems
6.1 Minimal Reality (MR} Tooclkit
Developed By: Depariment of Computing Science, Umversﬂy of Alberta,
Canada
Platform: Silicon Graphics and DEC workstations; Unix
Principal Charactaristics:
» - Incorporates the Decoupled Simulation Model, which decouples the
" visual update rate of the application from the update rate of the .
snmulation _
s Suppoart for the dlstnbut:on of computation over a number of
workstaﬂons :
e Environment Manager handles communication managemént.
application replication, network configuration and concurrency control.
Key References: Shaw et al, [1993), Shaw et al. [1992], Wang, Green
and Shaw [1995], Liang, Shaw and Green [1991]. '
6.2 AVIARY

Developed By: Advanced Interfaces Group, Department of Compitter
Science, University of Manchester, United Kingdom

Platform: Essentially platform independent, but targeted at the "ParSiFal
T-Rack inulticomputer”, a high performance transputer-based parallel
processing machine developed by their depariment.

Principal Characueristics:

» Object oriented design mcorporatmg a hlerarchy of virtual world
classes

o Users and applications viewed similarlyi. both manifesting themssives
" in the virtual world through thelr interaction with the objects contained
within it. Supports multiple users and applications.

Key Refarences: West et al. [1992], Snowdon, West and Howard [1993],
Hubboid et ai. [1993].
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6.3

6.5 .

dVs |

Developed By: Dlvision Limited
Platform: “Various p]aﬁbrms"'
Principal Characteristics:

« Division of the system into a number of discrete paraliel componants
" called Actors, which communicate via & distributed shared dafabase.

s Layered architecture demgned fo hide the details of distribution of
processing from the developer.

Key Referencea' Described in Benford et al. [1994] as well as du Pont

[1893]

‘Alice, DIVER (Dlstributed Virtual Environment Research Platform)

Developed By: User Interface Group, Computer Stience Department,
University of Virginia, USA

Platform: Silicon Graphics, Unix. Plans to pott to Windows 95.

Principal Characteristics:

» Decoupling of SImuiatlon and renderlng through tfansparenf process
-separation

» Interpreted, object oriented development language facilitating rapid
" prototyping.

Key References: Pausch et al, [1995], Gossweiler et al. [1893].

CAVE (CAVE Automatic Virtual Environement)

Developed By: Electronic Visualisation Laboratory (EVL), University of
lilinois; MCS Department, Argonne National Laboratory; National Centre
for Supercomputing Applicatlons, inois, USA

Platform: {BM SP-2 Parallel Supercomputer Silicon Graphics Work-
stations

Principal Characteristics:

» Decoupling of viewpoint lag (not involving simulation) from interaction
lag (which incorporates the results of the simulation).

Page 30
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« VR used for three dimensional visualisation or large volumes of
information.

Key References: Taylor, Stevens and Canfield [1995], Disz et al, [1995}
Cruz-Nelra et al. (19981, Song and Norman [1993],

6.8  VERN (Virtual Environment Realtime Network)

Developed By: Institute for Simulation and Training & Department of
Computer Science, Univereity of Central qurida. USA

Platform: Unix (Sun Sofaris/Silicon Graphics)
Principal Characteristics:
. Object Criented implementation in C++

o The concept of Players and Ghosts, which facilitates communlcation
between parts of the system that reside on separate machines.
(Described in Section 5.3 above)

Key References: [Blau et al., 1992)

_ 6.7 * BrickNet

Developed By: Institute of Systems Science, National University of
Singapore

Platform: Silicon Graphics, Unix
Principal Characteristics:

» Object onentatlon and disfributed processing {client-server architec-
ture)

o Layered Aschitecture in which the details of lower layers are hidden
from higher level application-oriented layers.

Key References: [Singh et al., 1994]
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1 Scope |

i1 Introduction
This document provides the necessary background to the problem which
is being addressed, and offers a functional description of the proposed
application. The project investigates the design of an improved Man-
Machine interface for electrical power network monitoring.
The moﬁi;ating factors—in parficular the shartcomings of existing netwark
monitoring methodologies—are discussed, and. previcus approaches to
the problem are described and evaluated. _
The solution put forward involves the use of Virfual Reality technology to
faciitate network visualisation. interactive three dimensional user
interfaces are well suited fo the task of data visualisation, taking direct
advantage of the vast capabilities of hiuman perceptual mechanisms. As a
resuit, there is great poteniial for the use of this technology in electrical
network monitoring applications. .

1.2 Purpose _

. The purpose of this document is to place the project in its prover context,
and to broadly identify the functional requiremients of the appiication that
will be developed.

13 Definitions

1.3.1 Abbreviations
SCADA = Supervisory Control And Data Acquisition
MM = Man-Machiné interface

1.4 Audience _
The audience for this document includes the project manager, the extemal
examiner, members of the SEAL management board, and any other
inferested parties.

1.5 Applicable Documents

1.5.1 Standards

a. SEAL QMS Document Creatlon Template, QS 002, Revision 0.02, 3
Oclober 1994

b. SEAL QN™ Nacument Layout, Presentation and Typesetting Guide, QS
003, Rev 0, 3 Qutober 1984
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Problem Specification

Existing man-maching interfaces used for the monitoring of electrical
power networks have some serious limitations, Incoming information about
network problems is typically presented to the operator in the form of text-
based alarm messages [Blake, 1995a]. The comprehension and
interpretation of these messages can place a significant cognitive load on
the operator [West et al.,, 1992}, When a fault occurs, it is critical that the
probiem be resclved rapldiy in order to minimise degradation of the power
supply to the consumer. .

Improvements in electrical power system data acquisition and control
systems have lead to increases in the amount of data which is made
available to the control staff. While useful for fault diagnosis, this additional
data can prevent the operator from reacting uickly {McDonald, Burt and
Young, 1992]. Duwring a disturbance, the number of alarms received can
rapidly exceed the abiiify of the operator to react appropiiately to them.
The result is a condition which Candy [1995:2] refers fo as dafa
overloading (see Section 3.4 below). Despite the overwhelming number of
alarm messages received, most of the messages are not directly related to
the problem, and as such are regarded as ‘noise’ and ignored by the
operator. The existing text-based methodologies for the presentation of
disturbance data are simply no longer adequate when dealing with highly
complex systems. Clearly, an improved man-machine interface philosophy
for electrical network monitoring is heeded.

Solutions such as the use of information filtering and artificial intelligence
{(specifically rule-based Expert Systems) have previously been proposed
as methods of reducing the amount of data having to be dealt with by the
operator. Such approaches undoubtedly do have a role to play in network
monitoring, but as will be discussed, both of these technigues have their
limitations. Furthermore, neither of these approaches addresses the
essential requirement from the point of view of the operator, namely rapid
visualisation of the available information to obtain a mental picture of the
power system state [Candy, 1995).

Hubbold et al, {1993:2] point out that information which is presenfed in a
suitable way is able to be processed far more effectively and directiy by
the user. Visuai perception is by far the most powerful of the human
senses, and humans have well developed visual perception skiils. Peopie
are capable of processing visual data extremely quickly. User interfaces
which incomporate graphical representation are able to recruif these
capabilities, and are far more natural and intuitive than text-based.
systems. According fo Blake [1994], visualisation “greafly enhances
human comprehension, learning and communication, especiaily for highly
complex systems”, The use of graphics increases the bandwidth between

Page 2
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human operator and machine, relying on the operator's perceptual
" mechanisms to filter and abstract the information that is presented. This
has the effect of transferring much of the load on the operator from the
cognitive to the perceptual.
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3.1

‘Background

Electricii Power Network Structure

Candy [1995:7] models a power system as a pyramid structure, with each
leve! in the pyramid representing a different level of abstraction of the
network. This pyramid model is flusirated in Figure WB103-1, At the
lowest level are individual data elements, corresponding to individual
status indicators, Groups of these elements form device.. Device groups
are referred to as elecirical objects. At the next fevel of abstraction are
substations, which conglst of groups of electrical objects. Substations may
be grouped into regions, and a number of regions make up the entire
network.

For each level in the pyramid stucture, theré are co‘rrésponding. two
dimensional schemafic layouts which show the connectivity of the
electrical equipment comprising that level.

This hierafchical pyramid model reportedly closely approximates the:
mental models used by the control staff in analysing problems on the
network.

Figure WB103-1: Power System Hierarchical Pyramid Mode!

SCADA Systems and Alarm Generation

SCADA (Supetvisury Control And Data Acquisition) systems are industrial
measurement and confrol systemns that are used to ,zther data from
remotely located pleces of equipment. They are commonly used in the
monitaring and conirol of electrical power systems. A SCADA system
essentially consists of three components: a master station, a number of
remote terminal units (RTUs} and some form of communications or
telemetry subsystem [Wiese, 1997], '

Page 4
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Remote terminal units are the devices responsible for the acquisition of
SCADA data at the remote site. An RTU is predominanily concerned with
reporting changes of state in various elements. These elements -
correspond {o the elements which form the lowest Ievel of the pyramld _
model described in Section 3.1,

According to Wlese [1997], the data obtained from an element can be of
three main types, Analogue data represents the measured value of a
continuously varying quantity. Digital data identifies an element as being in
one of a number of discrete states, For example a switch may be either on
or off. Finally, puise data indicates the cumulaiive occurrence of some
event, for example "number of revalutions”.

The data gathered by an RTU is processed to defect alarm conditions
based on known criteria, and alarm messages are generated for each
alarm condition that Is friggered. These alarms are transmitted. to the
central master station via the communications subsystem. The master
station presents the Incoming alarm nessages to the operator via the
man-machine interface.

33 Operator Requirefnents

In designing a man-machine interface for network monitoring, it is
impottant to identify the requirements of such a system from the pomt of
view of the operator,

When a fault occurs, the primary fask of the operator initially, Is fo
determine the nature and cause of the problem and evaluate its potential
consequences. in order to do this the operator must build & clear mental
picture of the power system state. Based on this information, the operator
then determines a course of action fo correct the problem.

Blake {1995a] states that the primary goal of the MM! should be to provide
the operator with the precise information that he reduires at any given
time. Kirschen et al. [1988] have identified some serious limitations of
conventional alarm-based systems, which point to the fact that such
systems do not achiave this objective. In particular, alarm messages may
contain too much or not enough information, alarms may be unnecessarily
repeated, arid multiple alarms may be generated for the same condition.
In addition, the sheer volume of alarms may be overwhelming.

S4 Data Overloading
Candy [1995] defines data overloading as:
"...a situation thal occurs when the number of alarm messages

arriving at operafor workstations exceeds the ability of the control
staff fo use, process or react fo them.”
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Existing network monitoring mechanisms which make use of text-based

-alarm messages are particularly prone fo causing this condition. When a
fault occurs, the operator is suddenly faced with a flood of alarm data,
- much of which is associated with events that are exiraneous to the actual

cause of the problem. Messages resulting from these secondary effects

‘must be acknowledged and dealf with by the operator even though they

do not assist hiny with the primary task of understending the nature and
extent of the disturbance. Moreover, these messages may cbscure other
important mformatlon _

Clearly, if problems on the netwod& are to be resolved rapidly. data
overloading is a GO["IdI‘tIOI’l which should be avoided,

- Paget
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4 Previous Improved Man-Machine Interface Strategies

4.1 Abstraction and Data Reduction through Filtering

- One approach to improving the user interface involves the use of filtering
technigues to reduce the volume of information being presented to the
operator. Techniques which may be used to reduce the amount of data
needing to be dealt with include aggregation, averaging over fime and
thresholdlng {Becker, Eick and Wilks, 1985].

Classification of evenis into categories is one means for aggnagatxon of
incoming data. Candy [1995] proposes that incoming alarm information be
grouped into just four categories, namely heaith, main protection, backup
protection, and information.

42 - ExpertSystems

The use of expert systeins to pre-process the data received from the
control system has been discussed by a number of researchers {Kirschen
et al., 1989; McDonald, Burt and Young, 1992]. These “Intelligent Alarm
Processars” make use of predefined heuristic rules to draw conclusions
about incoming alarm information, thereby alleviating some of the
de.“ands placed on the operator.

The main advantage that expert systems have over filtering techniques is
that they employ domain knowiedge in the drawing of inferences. This
gives them an abliity to perform & deeper analysis of the nature of a
disturbance. For example, an expert system may have knowledge of the
configuration of the network or the behaviour of various pieces of electrical
rauipment. Through the use of this knowledge, the propagation of the
effects of a fault can be simulated, and various diagnostic conclusions can
be drawn.

Most expert systems approaches employ & brute force approach in which
the input fo the expert system is the unfiltered, raw stream of alarms
generated by the SCADA systemn, combined with a priori information about
the topology of the network and the mapping of alarm information to actual
devices.

The expert systems describad by McDonald, Burt and Young [1982] use a
reasoning process based on hypothesis. A number of possible hypotheses
are generated to account for a particular alarm message. Each
subsequent alarm that s received provides additional information which
either supports or disproves these hypotheses, unfil a statistically likely
candidate explanation is found.
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4.3

4.3.1

4.3.2

Graphical Displays

Network Stale Visuziiser Prototype

An improved network monitoring man-machine interface strategy based on
graphical repre.;sntation of the network state has been described by Blake
[19954a). The philosophy behind this approach is to enable the operator to
visually assess the network state without having fo deal with large
numbers of alarm messages.

Biake's profotype Network State Visualiser system consists of a two
dimensional split-screen graphical user interface, which presenis the
network fo the operator diagrammatically through the use of filed
schematics. Information about the current network state is superimposed
on these schematlc representations of the network.

The system essentially provides the operator with a window anto a-

" particular level of the pyramid model described in section 3.1. The

operator Is able to pan the window (in discrete steps) across the current
layer, as well as switch between layers. Sub-windows show how the

_ current view fits into the context of the higher-leve! layers,

The use of graphics allows alarm information _td be presented in a more
natural and intuitive manner than is possible with text-based systems.

SeeNet

Many of the problems that are confronted in monitoring electrical power
networks—system complexity, network = size, extremely high data
volumes—are also encountered in dala communications network
monitoring. Becker, Eick and Wiilks [1995] have developed a suite of
graphical tools called SeeNet, for visualising data communications
network data.

Like the Network State Visuailser system described above, SeeNet makes
use of a two dimensional graphical representation of the network, with the
ability to successively zoom into regions fo obtain greater detall or zoom

out io establish context.

The system incorporates some novel representation and interaction
techniques. Linkmaps show the connectivity of the networlq nodemaps
display statistical information for each node by varying the visual
characteristics of symbolic glyphs; parameter focusing allows the values of
various display parameters to be altered by the user; and direct
manipulation provides the user with continuous visua! feedback during
interaction with the system,

Page 8
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5 Proposed Sclution

The approaches described in Section 4 have a definite role to play in
~addressing the deficiencies of existing user interfaces for network
monitoring. Each of these alternatives, however, introduces problems of
its own, The soiution that is proposed involves the use of three
dimensional user interface technology, and Virtual Reality in particular, as
an alternative o these approaches, :

5.1 Problems with Previous Ar  aches

5.1.1 Filtering

. The key disadvantage of filtering techniques such as aggregation or
averaging is that they may obscure important information [Becker, Eick
and Wilks, 1985]. Superficial processing by means of filtering rules may
not be powatful enough to adequately distinguish important information
from noise. Furthermore, filtering methodologies may only be applicable to
particular types of information. For example, averaging over time is

- generally only meaningful for analogue element data.

It should alsc be noted that techniques such as averaging and
thresholding are typically already incorporated into the mechanisms that
are used to trigger alarm conditions at the RTU in the first place. As a
result, the application of these techniques again at the alarm level may be
of limited utility.

5.1.2 Expert Systems

The main problem with the use of expert systems In alarm processing is
responge time. Very extensive rule bases are required when analysing
complex systems where the number of possible scenarios is large. A large
rumber of rules coupled with a large number of alarms typically results in
slow problem diagnosis and unacceptably long delays before conclusions

are reached [Candy, 1895], :

In addition, the large number of rules that are needed to cover all possible
eventuallties typically makes expert systems expensive to Implement and
maintain.

Candy [1995] contends that implementing expert systems at the RTU is
preferable to using a centralised expart system at the master station. He
reasons that centralised, brute force expert systems do not fake Into
consideration the underlymg problem that the number of alarms being
generated in the first place is high. The aim of an expert system af the
RTU fevel would be fo reduce the total number of alarms being generated
at the source. The paralielism Inherent in this approach would o a large
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5.1.3

5.2

extent alleviate the problem of response time normally associated with
expert system alarm processing. However, this approach does not
alleviate the cognitive burden that is placed on the operator of interpreting
text messages to build a mental picture of the power system state.

Graphical User Interfaces and Navigation

Givan the inherent advantages of visual representation of information,
graphical user intarfaces represent a vast improvement over existing text-
hased, alarm-centred methodologies. Graphical displays are able fo
directly recruit the perceptual capabifities of the user o facilitate the rapid

- comprehension of information. There are problems, however, with

traditional two dimenslonal graphical Interfaces, most notably navigation
and !oss of confext.

Blake [19952:54] indicates that nawgation is a fundamental problem of
Cathode Ray Tube (CRT) based plant moniforing systems, At a particular
time, a single CRT can only provide the operator with a limited view of the
plant. Movement of the view from one area of the plant to another typically
requires navigation through a number of separate screens. Users are
pron¢; to experiencing loss of orientation when swapping between discrete
viewports. As a result, the operator may lese track of the context of the
information being presented. West et al. [1992] agree, noting that
limitations of screen size and flat display surfaces are significant
contributory factors to the difficulty of designing interfaces to complex

~ systems. Becker, Eick and Wilks [1995] report that loss of global context

and disorientation are alse encountered when performing zoommg
operations. _

Blake suggests a number of mechanisms to improve navigation between
discrete schematic views of the network. These include hyperlinks,
navigation to logically or geographically adjacent “tiles”, hierarchical
abstraction (a particular tile maps to multiple tiles on a lower level), lists of
recently used components, and navigation fadeout (recently visited
locations remain highlighted in higher level subviews), The author feels
that while they undoubtedly improve matlers, none of these approaches
provides an entirely satisfactory solution fo the problem of navigation.
Each of these mechanisms places a not insignificant cognitive load on the
operator, who must mentally reconcile the “Jump” between current and
prior views,

Virtual Reality for Electrical Network Visuallsation

Interactive, realtime three dimensional user interfaces are extremely well
suited to visualisation applications. Virtual Reality provides a natural
interface through which spatial and hierarchical relationships can be
effectively represented. It enables the user to focus on analysing the

Page 10
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informafion being presented rather than his interaction with and

manipulation of the user interface. In fact one of the design goals of an
immersive Virtual Environment i~ to give the user the sensation of

interacting directly with the applica™ .1, and not using a computer interface -
‘at all, :

VR to a large extent avercomes problems of navigation and loss of context
by providing natural three dimensiohal interaclion mechanisms which
reinforce the user’s spatial memory. Spatial memory refers to a person’s
ability to remember where objects are in three dimensional space [West et
al., 1992].

Three dimensional visualisation facilitaies rapid comprehension of .
information by relying on the users innate three dimensional perceptual
" capabilities. Human visual processing mechanisms are inherently able to
resolve monocular and binocular depth cues to visually isolate objects of
interest in a three dimensional scene. The addition of the third dimension
‘of depth consequently allows more information fo s1mu!taneousiy and
~ unambiguously be displayed within the user’s field of view,

The most significant advantages that VR techno!ogy provides over other
user interface styles are:

s functionally unlimited viewing area
 « three dimensional spatial representation of relationships'

e natural and intuitive three dimensional interaction mechanisms

5.3 Applicability of the Proposed Approach

' Fairchild, Poltrock and Fumas [1288] contend that in general a large
knowledge base cannot be represented in two dimenslons without & large
number of the interconnections between nodes intersecting. The presence
of these intersections results in unnecessary visual complexity, which may
intfroduce representational ambiguities or. impede the fracing of
interconnections. In three dimensions, an arbitrary network can be
represented without intersections, and the user is able 1o resolve
ambiguities simply by changing his viewpoint.

The pyramid model of an electrlcal power network that was presented in
Section 3.1, maps weli to three dimenslonal navigation over the network.
The highest levels in the pyramid represent the network when viewed from
some distance, showing the entire network and the regions, but hiding
much of the underlying detail. As one moves closer, less of the network is
simultaneously visible, and the representation shows more of the detail of
the lower levels in the pyramid. Three dimensional navigation coupled with
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5.4

smoothly changing leve! of detail adjustment of the model neatly captures
the semantics of the pyramid model.

Previous Work

Virtual Reality has been used extensively for information visualisation
applications. Systems described in the literature inciude:

Cosmic Explorer, a Virtual Reality environment for visualising
numerical cosmology data {Song and Norman, 1993].

A scientific visualisation system for interacting with supercomputer

simulation daia, based on the CAVE Automatic Virfual Environment
{Taylor, Stevens and Canfield, 1995].

The CA Unicenter TNG {data communications] network menitoring toal,
which fesiures a three dimensional user inferface for visualising

" network components [Sfevens, 19971

A reaitime three dimensional geographic mformatlon system, or "\ﬁtual
GIS", which faciitates visualisation and unders.tandmg of tetrain
models [Koller et al., 1905].

A prototype system developed by British Telecom, which hses Virtual
Reality to monitor notwork integrity and detect faults in a large

~ telecommunications network [Andrew and Ellis, 1993]

Paga 12
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§.1

6.2

- Application Description

This section provides a deseription of the proposed application from the
perspective of the user, and ouflines the key functional reqmrements of
the system.

Overview

The proposed application will take the form of an enhanced Man-Machine
interface (MMI) for the visualisation of electrical power network monitoring
data. The envisioned MMI will comprise a Virtttal Environment within which
the user interacts with a model of the network by means of natural and
intuitive navigafion and manipulation mechanisms

The user will bs presenied with a graphical map of South Africa. The
electrical network mode! will be represented as various three dimensional
objects displayed on the map. The visual thres dimensional characteristics
and appearance of these ohjects will convey dynamic information about
the state of the elechrical objects they represent, For example, an object's
height might be used to convey information about voltage, surface texture
might be used fo indicate frequency, and colour might be used to
demarcate energised zones.

L3

The user will have the capability to navigate freely within the environment
in three dimensions. Consequently, the user wili be able to observe, from
any desired vantage point, the varous spatial and hierarchical
relationships which exist within the model, as well as inspect any of the
mode! parameters which are graphically depicted. The user will be able to -
continuously zoom in on {move towards) objects of interest in order to
view them in cleser detail, or zoom out in order fo acquire a more global
perspective of the model. As the user's proximity to a particular region of
interest increases, the level of detall displayed will change accordingly to
reveal only thozse features which are relevant to the current viewing
context. '

Changes it ¥ { ate of the objects which are presentad will be driven by a
confinuous sk wihadon, which will update the displayed view in real time. In
a future f..' scale implementation of the system, the visualisation MMI
would interface directly with existing SCADA systems. The simulation data
would be updated in real time in response to alarm information received
from RTUs.

Potential Additional Features

A mechanism similar to Becker, Eick and Wilks' parameter focusing
[1995], would enable the operator to dynamically vary the information
presented by the system depending on his current needs or objectwes
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6.3

For example, at different times the operator might wish to see only the
connectivity of the network or only the loading characteristics. In this way,
information not relevant to the task at hand would be suppressed.

The use of three dimensional sound (discussed in the Literature Survey,
WB 101) would be of great benefit in alleviating problems such as loss of
global context and what may be referred to as funnel vision. The latter
condition occurs when the operator observing the network at & high level
identifies a fault and zooms into that portion of the network to resolve the
problem. Meanwhile, another fault occurs in a portion of the network which
is not observable within the operator's current viewport. The result of this
is that a small fault might divert attention from and hamper the resolition
ot a more crifical problem. The use of localizable audible alarms could be
used toc alert attention to portions of the network that are not currently
visible. In the same way, sound could be used to give the operator
auditory cues for detetmining his current global position and orientation.

Prototype Sysiem

The objective of the project at hand is by no means to construct a
comprehensive full scale system with all of the functionality that has been
described above. Rather, the scope of the project is to build a prototype
system which effectively demonstrates key concepts and contributory
technologies (particulady' object orientation and distributed processing).
The prototype is intended mainly to provide a sound architectural

framework for structuring future applications, and to demonstrate the

feastbility of the proposed approach.

In light of this, a number of simplifying assumptions will be made .in
implementing the prototype system. In partirular:

e A simplified network mode! will be used in the prototype application,
consisting of only & few objects with relatively stralghtfonmard
dynarnics.

» The simulation will not interface with any existing network monitoring
systems. Instead, the data feed that is used will be obtained from a
simple text file, and the simulation will update the state of the varlous
displayed objects in some predefined manner. The necessary support
for interfacing with external systems will, however, be provided by the
system archifecture.

« Dynariic level of detal adjustment and the additional featurés
described in Section 6.2 above will net be implemented within the
scope of this project.

Paga 14
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7 Overview of System Requirements

The main functional and won-functional requirements of the system
“include; : _ :

. & Acceptable interactive performance in terms of fram.e rate arid lag
« Transparent distribution of processing |
. Hardware cdnﬁguration flexibility
o Platform independence and po;tability |
» Support for a range of input and output devices

e Maintainability and extensibility
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1 Scope
1.1 Purpose _
This document provides a checklist of questions and answers for
identifying the high level functional requirements of the project. It should
be viewed in conjunction with the Application Description (WB 103), which
provides a functional description of the application.
1.2 Applicabllity
This document forms part of the series of technical documents developed
in support of the project. it builds on the functmna! requirements identified
~inthe Product Description. _
Reference is made in the document to key sections of the Management
Products that have been developed ta support this project.
1.3 Audience - o N
The audience for this document comprises the various stakeholders of the
Software Engineering Applications Laboratory (SEAL), including:
» The product developer, namely Warren Blumenow
» . The project manager, namely Professor Bamy Dwolatzky
» The project quality assurance (QA). Co-ordinator, namely Professor
Alastair Walker
s All full-time and part-time post-graduate students assoclated with the .
SEAL
* Members of the SEAL Managemerit Board
* The Head of Departmént, Electrical Engineering _
» (ndividuals who will perform internal and external surveillance audits of
the SEAL Quality Management System
1.4 Applica.ble Documents
1.4.1 Siandards
a. SEAL QMS Documest Layout, Presentation and Typesetting Guide,
IS 003, Revision 1.00, 3 October 1994,
1.5 Aasumptlons

It is assumed that the reader is familiar with the 1SO 8000 series standard

- for quality systems management.
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1.6 Requirements Traceability |
This document addresses the following requirements:

a. IS0 9001 (1994} 4.4 Design Control
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2.1

2.2

2.3

Problem Statement

Product Title

The title of this MSc Project is: "An Object Oriented Approach to the
Design of Distributed Virtual Reality User Inferfaces for Electrical Nefwork
Monitoring” ' _ _

What problem is the product meant to solve?

The project investigates the use of advanced man-machine interface
technology for electrical network monitoring. Existing user interfaces used
for power system monitoring display information about the network state
to the operator in the form of text-based alarm messages. During a
disturbance, the vast number of messages generated and their manner of
presentation place extraordinary demands on the operator. This project
proposes the use of interactive three dimensional graphical user -
interfaces and Virtual Reality s an alternative approach to the
presentation of network monitoring information. Virtual Reslity is able fo
recruit the considerable capabllities of the operator's perceptual systems
in order to accelerate decision making and faulf diagnosis,

Additionally, the product addresses various issues relating to the deslgn of
Virtual. Reality systemms in general—specifically those related fo
performance and cost, The use of distributed processing in order ta
provide acceptable realime performance, while still allowing the system
to run on inexpensive hardware, is a key design objective of the system.

Where does this product fit into the "hig picture”"?

This work forms part of a broad venture being undertaken by the Software
Engineering Applications Laboratory (SEAL), which concems itself with
examining various aspects of Advanced Man-Machine Interface (AMM!)
technology, Computer Based Training (CBT) and Virtual Reality. These
projects together comprise the Advanced Computer Interfaces (ACIH)
group within the SEAL,

Cetrtain aspects of the project involve collaboratior. with other members of
the SEAL, including George Spanellis (refer to the MSc project entitied "A
Distributed Processing Approach for Implementing Advanced Man-
Machine Interfaces”, SEAL project reference number 1995 _1%), and
Michael Polyzos (refer to the MSc project entitled "A Distributed Virtual
Reality Approach for implementing Advanced Man-Machine Interfaces
Using Low Cost Personal Computem" SEAL project reference number

1096_14)}.
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2.4 Product History

This is a new project, and as such there is no product history. The
documentation and software products which are created in the scope of
this project are expected to form a basis for future projects within the
Software Engineering Applications Laboratory. S
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3 Environment

3.1 Cost

3.1.1 What is the limit of monetary and time expendttures to be used fo create
the product?

The principle financial coustralnt on the project is the cost of the computer
hardware which is used for development, the details of which have been
identified in WB 005, the Project Managemen Plar. The product itself has
no infrinsic cost associated with its implementation, since it consists
entirely of software a@nd documentation arfefacts. Additional costs
pertaining to the project refate fo the training needs which have been
identified in WB 005, as well as the costs associated with attendance at
national and infernational meetings. The time allocated to the project will
correspond to the time associated with a full-tima Masters research
project.

3.1.2 - Whatis the limif of monetary and human resources expendltures to be
used to maintain the product?

There is no intrinsic monetary cost associated with the maintenance of the
product, beyond the cost of the hardware required to perform further
development of the software. The human effort required will depend on
the nature of the maintenance task underiaken. Since thig Is a prototype
system, it is envisioned that significant further development of the product
wili take place, requiring a substantial investment of time.

313 What facilities are available for the product deveiopment?
The following facilities are avallable for development of the project:

e The computer identified as S-41 within the Software Engineering
Applications Laboratory postgraduate facility

« Additional computers as required for testing of the system in various.
distributed processing configurations, sourced from unoccupied
cubicles in the Software Engineering Applications Laboratory facility

s Infrastructure, printing, libraty and associated faclliies furnished by the
University of the Witwatersrand, the Department of Electrical
Engineering and the Sofiware Engineering Applications Laboratory

314 What personnel are avaliable to support the product development

The product developer, namely Warren Blumenow and the project
supervisor, namely Professor Barry Dwolatzky. (refer to Section 4, WB
005 Project Management Plan)
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3.1.5

3.2

3.21

322

3.2.3

What methods of progress measurement does the customer require to
track the development task? (e.g. status reports, progress reports)

Regular project progress meetings are to be held with the project
supervisar, during which applicable documents will be tabled for review. In
addition, regular progress reports are to be submitted to the Faculty of
Engineermg

What are the milestones that shall be met? (i.e. schedules, deliveries)

The major milestones in the development of the project are specified in
the Work Breakdown Structure that has been defined in the Prolect
Management Pian (WB 005). -

Hardware/Software
{See also Section 4.6, WB 005 Project Manage'ment Plan}

What computers does the product run on? (e.g. makes, models part:cular
installations).

The system is clesrgned to run on a group of standard 1BM PC compat[ble
computers. The minimum specified requirement calls for 80486 class PCs,
although Pentium class PCs are recommended. The computers are
required to be connected via a standard Ethernet network. |

What peripherals are required to Interface with the product? (e.g.

terminals, hardcopy devices, tape drives, disk drives, displays, etc.)

In the initial implementation, the only peripherals which will be used will be
the standard keyboard, mouse and display monitor of each of the
computers on which the system runs. This will be a so-called “fish-tank"

- Virtual Reality system implementation. It is envisicned, though, that in a

future Incamation, the system will interface with a number of specialised
Virtual Reality input and output devices, such as a dataglove, head-
mounted display and head tracking hardware, and the ability to add
support for these devices must be provided for in the design of the
system. The reader is referred to the Literature Survey (WB 101) for a
comprehensive discussion of these technologies.

What unique interfaces does the product need to access? (e.g. cockpit.
hardware, microcomputer, test benches, stc.)

In the initial implementation, there will be no speclalised interfaces.
However, in a final full scale implementation of the system (beyond the
scope of this project), the sofiware will be required to interface with
existing Supervisory Control and Data Acquisition (SCADA) systems
(discussed in the Applicatlon Description, WB 103), which will provide the

cige B
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simulation input data streams. In the prototype system, these interfaces
will he simulated by reading data contained in standard text files.

3.24 On w.hat operating system does the product run? (i.e. e ating system
ID iavision level).

The target operating system is Mictosoft Windows 95 Version 4.00.950a
or 4.00.950b, or Windows NT Workstation Version 4.0. The product is
designed to run equivaiently or both platfiorms. Recompilation of the
source code for each platform is required, but no modification of the
source code is hecessary. When the system is distributed over a group of
network=u PCs, a heterogeneous mix of the two operating systems is
permissible.

3.25 What database mefhnds does this product use? (e.g. Dbase, SQL etc.)

The product does : - uire any data_base functionalify in the current
Implementation. ' S

3286 With what other external (foreign to this product) software products does
this product interface? (e.g. routines, libraries, product names,
manufacturers, suppliers, revision levels, etc.)

The prdd'uct interfaces with:

» The Migrosoft Foundation Classes (MFC) Version 4.2

« Criterfon Software’s RenderWare, Version 2.0

+« Code developed by George Spanellis, as part of the MSc project
entitted "A Distributed Processing Approach for Implementing
Advanced Man-Machine Interfaces”, SEAL project reference number
1985_11

e Linked List template class code developed by Stephen Levitt as part of
the MSc project enfitled “A Map Symbotf Recogmtlon System’, SEAL
project reference humber 1295_10

These products and their relation to the project at hand are discussed fully
in the High Level Software Design, WB 105, Section 3.1, in the context of
the documentiation of the software architecture.

327 What are the size restrictions for the finished product? (e.g. bytes of
code, text, embedded data, &te.)

There are no explicit size restrictions of this nature However, efficiency
and effective resource utilisation will be considered duiing development of
the product. :
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3.3
3.3.1

3.3.2

34
34.1

3.4.2

343

Required Design ﬁestrictions

" What are the language restrictions for the product? (e.g. language

names, versic  * or maximum number of languages, efc.)

The product will be deveioped enfirely using the C++ programming
language. The particular compiler that has been selected is the Microsoft
Visual C++ compiler, Version 4.2. The user-interface specific portions of
the program source code will make use of the Microsoft Foundation
Classes (MFC). '

To what standards shall the product conform? {e.g. document titles,
sources, revision levels, etc.)

in terms of docurnentation, the applicabfe standards are defined in
QS 003, the Document Layout, Typesetting and Presentation Standard of
the Software Engineering Applications Laboratory Quality Management

. 8ystem. No other specific standards to which the product is to conform

have been identified.

Customers

Who Is commissioning this product? (s. g identify mgnatures of authority,
efc.)

The project has besn proposed by the author, by means of a research
proposal submitted to the Facuity of Engineering, University of the
Witwatersrand.

Who is to accept delivery? (e.g. identify signatures of authority, etc.)
The project supervisor, Professor Barry Dwolatzky.

What is the proﬁ!e of the typicat end user? (e.g. years cf experience in
some specified job, years of schooling, ete.)

Since the software produced is to be a prototype system, the end user of
the product is likely to be another researcher within the Software

‘Engineering Applications Laboratory. However, testing may be undertaken

in which the product is given to controf room staff in order to assess its
efficacy in comparison with existing systems. Such testing would draw on
the user's experience of the current user interfaces for electrical network
monitoring.

Page B
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3.4.4

35
3.5.1

What are the human factors criteria and how shall the success of the
product in mesting the criteria be determined? (e.g. non-direct paths,
non-standard user-interface, etc.)

The use of Vifual Reality technology introduces several hurnan fartors
issues related to the immersive nature of the interface and its effects on
human perception. Specifically, VR interfaces are predisposed to inducing
parficular forms of motion sickness. This condition is commenly 1 oferred to
as "simulator sickness” or “cybersickness”. These issues are discussed in
more detail in the Literature Survey (WB 101).

Parformance factors

What human support is required o operate the product? (e.g. !dentify any
runtime operations which the user or suppart personne| shall physicaliy
carry out in order to achieve any specified results, stc.)

. The nature of the product as an inferactive visualisation tool Implies

3.6

3.6.1

3.6.2

significant huraan involvement during use of the system. In addition, there
will be certain configuration tasks that are required fr; be performed prior
to using the product. Specific information concerning the user interface
and system configuration can be found in the User Reference Manual
(WB 107).

" Operational Consierations

What methods shall be used fo deliver the product? {e.g. data storage or

“fransfer medium, efc.) (See also QSP 335-10 Software Development:

Handling, Storage, Packaging and Delivery).

The main deliverabie of the project is the Masters dissertation, which will
be delivered to the Facuity of Engineering in hard copy as per the
requirements of the University and the higher degress commitiee. In
addition, this project will form part of the projects archive of the Software
Engineering Applications Laboratory, and as such, wlll be stored in
electronic format, and archived on the Software Enginzering Applications
Laboratory FTP server facility. An optical disk copy of the sofiware and
documentation will also be supplied and will be contained in the proiect
binder.

What are the restrictions on the installation of the product? How easy shall
the product Le to install? (e.g. classes of users, numbers of ussrs, access
{imitations etc.)

~ Installation of the product will be relatively straightforwara, \olving mainly

the selup of the various configuration files. The use of the same
executable program on all machines as described in the Low Level
Software Design (WB 113) will simplify instailation.
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3.6.3

3.6.4

37

374

3.7.2

To what degree shall the operation of the product be successfuly

‘restricted to authorised users only? - (e.g. classes of users, numbers of

users, access limitations etc.}
No access restrictions are applicable.

How shall product integrity be ensured? (e g. data recovery source code

~ recovery, ete,)

The comprehensive sirategy that will be used for project artefact archival
and backup is described in the Configuration Management Plan (WB 006}

M.a’intainabillty

What support of the product after turnover to the sustomer is required?
{e.g. training support, computer personneal, ete. ) (8ee also QS 138
Servicing),

After submission of the project, the product and all of its artefacts will be
managed by the project supervisor and the QA co-orainator of the
Software Engineering Applications Laboratory.

Where might the requirements for the product expand in the fufure?

‘The aim of the project at hand is to demonstrate the feasibility of the

proposed application by investigating relevant concepts and technologies,
The requirements which have been identified consequently represent the
requiremnents of a profofype ~stem, It is envisioned that significant future
work will be carried out in this particular area of research, and there is
therefore significant scope for the functional requirements of the product
to change as the product evolves in e future,

P ail
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4 Documentation
4.1 Requlrements

4.1.1 What management documenis will be developed to support the product?

Master Document List ' W8 004

{ Document Creation Template WB 002-
Quality Plan WB 003
Mroduct Description | WB 004

[ Project Management Plan _ ' WB 005
Configuraion Management Plan =~~~ | WB 006
Binder Labels : o WE 008
Project Archive Diskette Labels . WE 009

412 What technical documents are recommended for the development of the
' product? (Refer to QS 324 Software Development - Design Control Pollcy) -

Documents that will be developed as part of this profect will include but
‘not be limited to!

a comprehensive survey of the relevant literature
a document detailing the proposed application
canceptual system design document

high level software design document

low level sofiware design document

user reference manual

* & & & 8.0

4.1.3 - What are the definitions of all the acronyms and technical terms?
These are defined in each specific document in which they are used.

414  Who has created and revised the requiremants document and what are
the dates of creation and revision?

This information is provided m the Chanhge Control segment of this
document. '

42  Support

4.21 What type of support documentation shall the developer provide with the
product?

This is as defined In QS195 Project Documentation and Support
Standard.
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4,22

To what standards shall the support doc.umentatlon for the product

conform®?

The supplied documentation will copform to the Quality Manag'ement
System Requirements of the SEAL Quality Management System, which i is
traceable in its requirements to ISO 9001 (1894).

Page 12
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1 Scope
Introduction

1.1

1.2

1.3
1.3.4

14

This docdment outlines the design of the system from a. concéptual'

‘standpoint, providing insight into the functional structure of the proposed

solution. The concepts and models presented  here comprise the
fundamental basis underlying the system architecture, '

There are essentially two models that have been developed, and which -
are described in this document. The first of these is a conceptual model of

" a generic Virtual Reality system; the second is a model for achieving

transparent distribution of processing. The former will be referred to as the
Conceplual Virtual Realify System Model, The lafter has been called the
Process Agent Model (PAM).

The document also separately describes the Environment Manager and
the Network Communications infrastructure which form part of the Process

Agent Model,

- Purpose

The purpose of this document is to give the reader insight into the key
conceptual models that have been formulated, These models provide the -
conceptual framework for the software implementation that has been
developed, !t Is crucial that the reader is familiar with the concepts that are
discussed here in order to appreciate in their proper context the design

decisions that have been made in the software design of the system (The

software design is documented fully in the High Level and Low Level
Software Design documents—WB 105 and WB 113)

Definitions

Abbreviations

OOVE = Object Orlented Virtual Environments (This is the acronym which
has been assigned to the project at hand}

MVC = Model-View—Controller
PAM = Process Agent Model

Audience

The audience for this document includes the project manager, the external
examinar, individuals involved in further development of the project,

w1 Ddww.102.doc Version 1.02 & September 1998 : Page1
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members of the SEAL management board, and anv e ...terested
parties,

1.5 Applicable Documents
1.5.1 Standards :
a. SEAL QMS Document Creation Template, Q8 002, Revision 0.02, 3
October 1984 _
b. SEAL QMS Document Layaut, Preaentatton and Typesettlng Gmde Qs
0083, Rews:on 1.00, 3 October 1994 :
- 1.5.2 References
a. References and Blbhography, WB 114
1.6 ' Assumptions _ _
Several of the concepts that are presented here have been gleaned from
the literature. It is therefore assumed that the reader has consuited the
literature survey document (WB 1013, and is familiar with the material
contained therein.
Paga2 Veralon 1,02 B September 1898 ' _ wh104ww.102.doc
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2 Conceptual Virtual Reality System Model

A generalised conceptual medel of a Virual Reality system has been
deveiopad. This model provides a framework for structuring an intaractive
VR application, by delineating the principal functional components of the
system, and specifying how these components interact to provide the
required VR system functionality.

21 Foundations and Relevant Previous Work

A number of distinct approaches to the design of Virtual Reality systems

- have been encountered in the literature, and have been discussed in
some detail in the Literature Survey (WB 101). The conceptual system
“model that is presented here, while novel in its own right, incorporates a
number of aspects of existing systems, distiled from the literature, Of
parficular relevance are the Model 'View Controlier (MVC) user interface
paradigm [Krasner and Pope; 1983)], the Decoupled Simulation Model
(DSM) [Shaw et al., 1993], and the AVIARY system's approach to dealing
with users and applications. The model that is described combines and
integrates some of the most useful features of these systems, and in
addition introduces several concepts that have not previousty been
described.

The Model-View-Controller methodology provides a sound basis for
structuring interactive graphics applications [Krasner and Pope, 18988;
Kyriazis, 1980]. It is natural to break a VR system down ih such a way as
to maintain a clear separation between those components dealing with
modelling of the underlying application domain, those dealing with input -
processing and the user's interaction with the system, and those
concerned with graphics generation and the presentation of the
application staie.

‘The Decoupled Simulation Model ensures that the visual update rate of
the system is not temporally dependent on the update rate of the -
underlying simulation [Shaw et al., 1993]. Simulation decoupling can be
achieved within the framework of MVC, by distinguishing those partions of
the Mode/ that are concemned with graphical manipulation and geometric
moedelling from those that petform non-graphleal computation or
simulation. Splitting the Mode! info two separate components in this way
allows the main visual update Ioop to proceed mdependently of the
simulation.

From the point of view of thelr influence over the objects in the virtual
world, the AVIARY system does not regard users and applications as
being fundamentally distinct from one another [West et al, 1992). An
object may exhibit its own internal volitional behaviour or have behaviour

whil4ww 102,doc Version 1.02 & Saptamber 1598 ' Paged
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2.2

imposed on it b’ - an external source. Both the application and the user are
seen as such extamnal forces driving the behaviour of objects within the
world. Each interacts with the virtual world through a clearly def ned
interface. :

The only manifestation of the user's interaction with the system is in the

~behaviour that such interaction invokes within the virtual world. Likewise,

the only influence the simulation has over the information that is eventually
presented to the user Is through /s interaction with, and inﬂuence over the
behaviour of, the objects in the virtual world. :

_Componants and Processes

In light of the above discussion, the model that has been developed
distinguishes at the highest leve! betwesn four maln system components.
an Interaction component, a Presentdfion component, a Simufafion
component and a Geometric Model, The overall VR system will contain
each of these comporients, as Hlusirated in Figure WB104-1. The user
has aiso been represented in this diagram. The systim components
communicate both with one another and with the user; these relationships

-have been indicated by means of arrows,

. VRSYSTEM

USER

Figure WEB104-1: High Level System Components

Page 4
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A concrete reallsation of the concept of intercommunicating system
components is provided by the notion of system processes which pass
messages {o one another, While there will necessarily be a close
correlation between the system components and the corresponding
processes by mean. of which they are realised, each high level system
component may consist of more than one process. Consciously
decomposing each system component into a number of processes in this
way allows for effective distribution of processing. This aspect is discussed
further in Section 3.

A process-level view of the Conceptual Virtual Reality System Model is

“deplcted In Figure WiB104-2, Corresponding to the four main system
components referred to above, the four 11ain types of processes that will
be present in a VR system implementation are:

Input Handler Processes
Presentation Generator Processes
Simulation Processes

Object Progesses

The arrows in the diagrar indicate the direction of message passing
between processes.

User

Presentation
_"Gez‘terator

--------

e
-
wwwwwww

Virtual Worid

Figure WB104-2: Conceptual Virtual Reality Systeix Model
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2.3

Roles and Re<nonsibilifies

The user interacts with the virtual world by means of input and output
devices. Input devices may include a keyboard, mouse, dataglove or head
tracker; output devices might take the form of a display monitor, head-
mounted display (HMD) or virtual acoustic display.

User-input which is cbtained from the various input devices is dealt with by
one -or more Inpuf Handler processes, An Input Handler process
incorporates all the necessary software drivers for interacting with a
particular input device, and provides the rest of the system with a high
level interface to that device. it is responsible for performing any pre-
processing of the input that may be required to extract the semantics of
the user's interaction with the system,

Correspondingly, a Presentalion Generator process is responsivle for
producing the view which is displayed by each output device!. Once mors,

this process houses all of the low level software that is required to

interface with the particular output device. Furthermore, the Presentation
Generator process is responsible for performing any viewing
transformations that are required fo be made to the geometric data that it
uses o render the view.

The Presentation Generator and Input Handler processes together
comprise the Inferfaca between the user and the virtual world.

- A number of Object processes collectively form the geometric model. The

geometric model provides a comprehensive geometric and behavioural
representation of the objects which comprise the virtual world. Each
Object process is responsible for handling updates to the part of the mode}
that it represents,

Simufation processes are responsibie for managing all non-graphical
computations. In a general VR system, a Simulation process will typically
sontain a8 computational model of some application process and will be
resnnhsible for running a confinuous simulation of that process. In the
ca 4 of the project at hand the target application process is an electrical
power network model {refer to the Application Description, WB 103).

User modzlling is incorpofated’ by means of a User Model, which may
cither be a separate process, or form part of the Simulation process. The

1 For the purpose of this discusslon, it will be assumed that the Presantation Generator
renders graphical [Images to a visual display device, although it should be noted that the
output which Is generated may equivalently Include other modalities such as auditory
output {in the case of vidual acoustic displays) or tactlie feadback,

Page &
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.User Model is used by the Simulation to tailor the operation and

appearance of the system to match the needs or abilities of a particular
user. {Although user modelling has been incorporated into the conceptual
system. model, it has not beeh included in the initlal prototype

implementsation of the system),

Message Passing and information Flow

As indicated in Figure WB104-2 above, there is a fairly complex message
passing network in the system. Message passing takes place between
system processes for a number of reasons: :

In respanse to received user-input, an Input Handler may initiate changes

o the Objects in the geometnc model, as well as provide inputs into the
simulation. Changes in the user's viewpoint are propagated by an Input
Handler directly to any affected Prasentation Generator pracesses,

The objecis in the geometric model incrementally communicate net -
changes in their visual state to each Presentation Generator process. A
Presentation Generator uses this data fogather with information about the
user's viewpoint which it has previously received from the Input Handler
processes, to render the displayed images.

Simufation processes |nit1ate changes to objects in the geometric modé!
and may also receive information which is of semantic slgniﬁcance to the

. simulation from an Input Handler process.

wh1C4ww.102.doc Version 1.02 B Ssptambar 1595 Page’?
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2.4.1 Loops of Information Flow in the System

Figure WB104-3: Loops of Information Flow In the System

As indicated in Figure WB104-3, there are three main loops of information
flow in the system. For conciseness, these will be diagrammed

. pratotypically, with reference to & single instance of each of the input

Handler, Presentation Genetator, Object and Simulation processes.

The first Ioop'of information flow is a very tight loop through which -
information about the user's current viewpoint is transferred:;

User — Input Handler - Presentation Generator

N J

This allows for a very fast visual update loop as the uset‘ navigates
through the Virtual Environment. The Presentation. Generator uses the
latest information that it has about the state of the objects in the geometric

Paga 8
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model and performs the necessary viewing ransformations, based on the
- eurrent viewljoint obtained from the input Handler, to render the view,

The second loop comes into effect when the user interacts wuth any of the
obijects in the Virtual Environment: '

User — Input Handler —» Object_Process -» Prasentation Generator

[ - _)

Here, information flows from the Input Handler process to the affected
Object process, which updates its internal geometric and behavioural
model accordingly, The object process then furnishes the Pressntation
Generator with an update regarding its visible state. The Presentation
Generator performs the required viswing transformations using the latest .
known viewpoint in order to render the view. This loop will naturally be
slower than the first loop; in addition to the increased message passing
overheads, there is now additional computation to be performed by the
Object process, The amount of processing performed by Object process
will depend on the complexity of the behavioural models that have been
defined for the geometric model.

The third and inal loop of information flow in the systém includes the
Simulation process, and comes info play when the user 1nteracts with the
simulation:

User - Input Handlet - Simulation Process ~» Object Process —» Presentation Generator

= Y

In response fo lnput recelved from the Input Handler, the Simulation
process makes the necessary changes to the simulation parameters and
recomputes the simulation. The Simulation process propagates the results
through the rest of the system by effecting changes to the objects in the
geometric model. Thereafter, the sequence of events are analogous to the
previous case——the objects recompute their state and then update the
Presentation Generator, which renders the view.

wb104ww.102.doc Verslon 1,02 3 September 1998 Page 9
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2.4.2

2.5

Open Loop Information Flow

The three main loops of information flow pullined above represent typical
patterns of message passing in the system, but are not the only possible
sequences. All other possible sequences, howsver, will take the form of
subsets or open loop versions of the above loops. Examples of this are
where:

« a Simulation process initiates changes to the objects in the geometric
model, or
« an Object process acts autonomaously,

The information flow hecessary to realise the first situation consists of the
third main loop describad above, but with the initial message passing from

- the Input Handler fo the simulation removed:

' Simutfation Process -» Object Process — Presentation Generator — User

Simifarly, the second scenario is achieved by the second loop described
above, again without intervention from the user:

Ohbject Process — Presentation Generator — User

Key Characteristics

The principle characteristics of the Conceptual Virtual Realily System
Model which has been presented include:

Simulation Decoupllng In accordance with the principles of the
Decoupled Simulation Mode! [Shaw et al., 1993], the simulation has been
decoupled from the rest of the system. This allows the main visual update
loop to proceed independently of any processing done by the simulation.
The main motivating factors for this are the maintenance of an acceptable
visual update rate and the minimisation of iag.

Navigatlon Dedoupling In addition to decoupling the simufation from the
user's realtitne inferaction with the system, the uset's navigation within the
Virtual Environment has furthermore -been - decoupled from his

Page 10
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manipulation of the objects confained within it. The author proposes that
this be referred to by the term “Navigation Decoupling”. Therefore, the
visual update rate during navigation is independent of any computation
parformed by the Object processes which make up the geometric model.

[ Note: The combined effect of . ’mulation Decoupling and
Navigation Decoupling is that the highest possible vistal update
rate and the lowest possible lag are achieved during navigaiion—
whien the user's viewpoint is t' .- wnly varfable that is changing.
Fortunately, these are exactly the s.ime circumstances under which

- the need fo maintain a high visual update rafe and low interaction
lag are the groafest—when the scene observed by the user is
changing rapidly. Work by Liang, Shaw and Green [1991] confirms
this by demonstrating that the overall perception of lag feit by the
user is greatest when head tracker orieniation data is delayed—
changes in viewpoint orientation during navigation account for the
most noticeable changes in the observed scens.

The model which has been * “hed, therefore, provides the

fortuitous circumstances that th- . est possible visual update rate |
Is able to be provided exactly when it Is required: when the viswer

is navigaling thuutigh the virfual environment and rapidly changing
his point of view.

The lasks of navigatlon and object manipulafion are rarely
performed concumrently fo any large extent Users will typically
manipulate an object only once they have navigated fo that object.
Object manipulation is therefore typically performed while the
display Is fairly static. The visual update rate requirements when the
display is stalic are significantly lower, and therefore the addifional
processing time devofed {o obfect computations can be tolerated. |

Distribution of Processing The model which has been developed
facilitates distributed processing by dividing the system inte a humber of
largely independent functional units (processes) which communicate by
passing messages to one another. This aspect is dealt with in detall in
Section 3.

Device Independence The approach that has been taken to interfacing
with particular hardware devices makes the system to a large extent
device Independent. The specifics of dealing at a low level with a
particular input or output device are entirely encapsulated in the respective
Input Handler or Prescniation Generator process that supports that
device. Practicaily, this means that the system implicitly supports any input
“or output device—including devices that were not available during the
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initial iImplementation of the system. All that is required to add support for
a new piece of hardware is to develop the appropriate Interface process
{Input Handler or Presentation Generator) to handle thz! device. The
interface presented to the rest of the system will be identical.

Page 42
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3 The Process Agent Mode! (PAM) for Distributed Processing

The Process Agent Model (PAM) which has been developed, provides a
mechanism for the distribution of processing across a number of
workstations in a manner that ls iransparent to the high level system
processes, The primary motivation for the use of distributed processing is
as a means for improving temporal system performance. Transparent
distribution of processing implies that the application processes are
insulated from having to deal in any way with the details of the underlying
network communications.

3.1 Overview and Objectives

_In Its most generic form, the overall system mray fundamentaliy be
regarded as consisting of @ number of interacting processes. (Refer {o the -
Conceptual Virtual Realify System-Model presented in Section 2 above).
These processes communicate with each other by means of
asynchronous message passing. Each process is o a large extent self-
contalned and decoupled from the rest of the system. For this reason,
processes recommend themselves as conveniently distributable entities. If
the overall processing task is distributed across a number of workstations,
then one or more processes will be housed on each machine.

In order for the distribution of processing to be fransparent to the individual
system processes, it is desirable for the message passing mechanism
used between remote machines fo be the same as that used between
processes which reside on the same machine, Under these conditions, a
high level procass wishing fo communicate with another process, does so
in the same way, regardless of whether the target process is local or
remote. The process need not be concerned with the details of remote
message passing. The Process Agent Model provides a mechanism for
achieving this.

3.2 Distributed Processing Considerations

In order to facilitate the distribution of system prosessing, a network
communications infrastructure needs to be put in place to aflow processes
which reside on different mactiines to communicate with one another. The
message passing requirements from the point of view of the application
processes wre very different to those of the network, In a standalone
system implementation, communication between application processes
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typically makes use of some kind of function calling mechanism?
Conversely, network communications involves the transfer of packels of
information, or simple character strings. :

Functiori calls and strings of characters ore fundamentally different
entities. When a function call is made, the parameters which are passed
are placed on the stack, and the thread of execution passes to the
beginning of the specified function, In a distributed processing
environment (in the absence of shared memory), there is no common
stack onto which parameters can be placed. Furthermore, the operafing
system does not in general provide a mechanism for trahsferring a thread
of execution fo a peer process exectting on a remote machine. In order to
effect message passing between machines, therefore, function calls must
be encoded into a form which is suitable for transmission over the

" nefwork,

Layered Architecture

In order to reconcile the disparate message passing requirements of the -
application processes and the natwork, the PAM makes use of a layered
archifecture (Figure WB104—4), designed fo hide the encoding of function
calls and the details of the underlying comrmunications from the application
processes. A layered approach, in which each layer performs a weli-
defined function and provides a particular set of services to the layer
above, is common in the design of network communjcations sofiware.
According to Halsall {1682}, a layered organisation makes such systems
more readily testable and maintainable, by separating the responsibilities
of each {ayer. The dVS VR system features a layered architecture, which
is designed to hide the distributed software and hardware environment
from the developer [du Pont, 1893],

The Process Agent Model distinguishes betwsen three layers: the

application processes, the Environment Manager (EM), and the network.

The application processes layer comesponds to the processes which
make up the Conceptual Virtual Reality System Model which has been
described above. Communication between the application processes is

2 For reasons that are discussed in the High Level Softwara Dasign (WB 108), an oblect-
oriented methodology has been used in the design and implementation of the system at
hand, and consaquently the system processes have been reallsed as intercommunicating
objects. Therefors, for the purposes of this document, communication between processes
Is discussed from the polnt of view of class member function invocation. However, the
notion of the use of function calls for the transfer of messsges betwean processes Is not
limitad to the objest orlented methodology.

Paga 14
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facilitated by the Environment Manager, which in turn utilises the network
for the actual transfer of messages. The EM provides the application
processes with a high level interface to the functionality provided by
network. The application processes interact only with the Environment
Manager, without regard for any of the low level implementation detail of
the transfer of messages across the network. The Environment anager
is also responsible for performing a number of other tagks, such as system
initialisation, resource management and process-to-processor allocation.
These fasks are descnbed more fully in Section 4. The network Iayer is
covered in Section 5.

mmn;mnﬂser T

Wi
Nebwark

Flgure WB104-4: Layered Archltecﬁure of the Process Agent
Model

A laysred architecture alone is not sufficient to make the distribution of
processing fransparent to the application processes. The objective of
hiding the defails of network communications from the high-level
processes is achieved, but a process is still required fo communicate with
the Envirohment Manager whenever it wishes fo send a message to a
remote process, The process must stili be aware of the fact that messages
are being transferred ot er the network.

For truly transparent process distribution, the application processes must
interact with one another as if there were no network communications
taking place. The processes should be unaware the! messages are being
transferred across the netwark at all. In order to achieve this, the concept
of an agent process is introduced.

Agents

Each process is unique in the sense that it may by definition exist on only
one workstation at any given time. All machines other than the machine
that houses the process are consldered remote from the point of view of
that process. For each process; an agent process is created on each
remote machine. In other words, elther the process itself or an aaent for
the process exists on each of the networked machines. This situation is
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true for all of the processes which make up the system. It may therefore
be considered that on each machine, a complete version of the entire
system exists: any procesras which are absent are represented by agent
processes. This is illustrated in Figure _WB104—5.

T
]

-Q;Jm).w ¢

L OO | O@ [ SO Ok

SO (D fuent ocs

trite Syt

Figure WB104--5: Processes and Agents

An agent process serves as a proxy or représentative for the authentic

process with which it is associated. It intercepts all messages destined for
that process, .and routes these messages, by means of the EM an{ the
network, to the machine on which the actual target procoss exists. The EM
an the remote machine in turn forwards these messages to the authentzc

~ destination process.

An agent process can be thought of as a “stub” or skeletal version of the

- authentic process with which it is associzted. it is concerned only with

guaranteeing the transfer of messages {o ihe assc.jated authentic
process, and does not perform any actual application-related compufation.
As a result, the amount of processing needing to be performed by an
agent process and herice its computational resource ufilisation are
minimal,

The interface presented by an agent process is identical to that of the
authentic process, Whether the target process is local or remote is
transparent fo the calling process—the c¢alling process is unable to
distinguish when the target process is local and when it is remote.

The concept of processes and agents is similar to the concept of players
and ghosts described by Blau et al. [1992:158],

Local and Remote Message Passing

A process wishing to send a message to another process simply sends
fhe message to the local agent for the target process, A process acls as

Page 16
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its own local agent if the calling process resides on the same machine.
This resuits in the favourable circumstances that no additiohal overheads
are imposed on local message passing.

Where both processes are local, messages are handled by the target
process directly-—in exactly the same way as they would be handled in the
absence of distributed processing. The overheads associated with passing
the message dawn and then back up through the EM and network layers
are eliminated.

Where the target process resides on a remote machine, an agent process
intercepts the mescage, and sends it across the network via the EM,
Because the interface presented by an agent process js identical to that of
the corresponding authentic process, when the calling process sends a
message to the local agent, as far as it is congerned, it has sent the
message to the authentic target process. Likewise, when the message is
received by the target process on the remote machine, that process is not
aware that the message did not come from the calling process directly. -

Fungtion Call Encoding and Deceding

In order fo be transferred across the network, a function call must he
encoded into a form suitable for fransmission across the network, and
decaded upon airival.

In order to fully describe a remote function call, the following information
needs to be specified: the machine on which the target process resides;
the identity of the target process; the function that is fo be called; and the
parameters that are to be passed to that function. All of this information
must be encoded into the data field of the network message in order for
the function call to be faithfully reproduced on the destination machine®,

The encoding of a function call can be regarded as comprising twe main
taske. The flrst of these Involves the encoding of the function arguments.
Each parameter value that is to be passed io the target function must be
represented as a sequence of characters in the body of the network
message. Coulouris and Dollimore [1991:86] refer to this process as
*argument marshaliing”. The second task involves the addition of

? In general, the cafiing process would also need to be identified, so that the function
retum value, as well as updates o any parameters that have been passed by reference
could ba sent back to it. However, for reasons that are discussed in the Low Level
Software Design (WB 113, Section 3.4), the curent implementation dees not cater for
refutn values or for pagsing of parameters by reference, and therefare the ldentity of the
calling progess Is not raqulred to be encoded into the message,
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38.2

successive header informstion to the message. This header information s
used to respectively identify the target process and the target function,

Marshalling of Function Arguments

The use of agent processes provides a converient mechanism for
performing the necessary marshalling of function arguments, and obviates
the need for the calling process to even be aware that the function call is
being encoded.

When the target process is remote, the calling process is unaware that it is
not communicating directly with that process, since the agent process with
which it communicates presents it with the same Interface as the authentic
process. The agent which intercepts the message is responsible for
performing the necessary argument marshalling—manipulating the
arguments it receives from the calling process into a form suitable for
transmission over the network. The calling process is not required to
perform any encoding befors making the call,

. Remote Message Handlers

When the message is received by the Environment Manager on the

- remofe machine, it is forwarded, essentially unmodified, directly to the

farget process. It Is then the responsibiiity of the target process to perform

~ the necessary decoding of the received message in order for the

appropriate function calf to be made with the correct parameters.

While it Js convenient for each process to perform its own decoding of
remotely originating messages in this way, thereby encapsulating this
functionality info each individual process class, it is at the same time
desirable for the target process to be unaware that the message came
from remote process, and to be uninvolved in the decoding process. In
order to reconcile these conflicting points of view, it is fllustrative to regard
each authentic process as containing a “chunk of code” whose purpose is
purely to provide it with the ability to recelve remotely originating
messages—code which does not confribute at all to the application-
oriented functionality of the process. [t is this “chunk of code” which does
the necessary decoding of the function call parameters from the received
message, and which then actually calls the appropriate function. This

“chunk of code” will be referred to as the remote message handfer for that

process.

While the remote message handler is physically part of the process, it is
logically not integral to it. It should he viewed simply as an adjunct that
allows the process tu receive remote messages, and which is entirely
separate from the base functionality of the process.

Page 18
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3.6.3

3.7

Message Headers

The addition of header information to a network message is performed by
successive layers as a message mioves through the architecture, Each
layer adds .information appropriate fo its own level of absfraction.
Specifically, the agent process adds the function 1D of the function that
was called; the Environment Manager adds the process |D of the process
from which the message was received; and the network adds the machine
ID of the destination machine which has been provided to it by the EM.

It is this final form of the message that is actually sent across ti .« network
to the destination machine. The low level network drivers use the machine .
ID contained in the foremost header to route the message to the correct
destination. At the far end, the network layer strips off the machine ID
before providing the message to EM. This information is no longer needed
since the message has already reached the appropriate machine. The EM
strips off the Process ID, which it uses to identify the target process, and
then delivers the remainder of the message to the remote message
handler of that process. Again once the message reaches the comrect
process, this information is no longer needed. The remote message
handler strips off the last header—the function ID—and uses it to identify .
which function is to be called. I then decodes the fUnCtIOI'l parameters and
calls the appropriate function.

Graphical illustration of the PAM

The following diagrams serve to demonstrate graphically the Process
Agent Model message passing mechanism. A simple example consisting
of three processes distributed over fwo machines is used for illustration.
(See Figure WB104-8). Processes A and B reside on machine 1, while
process C juns on machine 2,

Machine 1 ' Machine 2
Figure WE104-6: Simple Example System

Figure WB104-7 shows the most trivial case—where the caliing process
and the target process both reside on the same machine. In the situation
depicted, process A wishes to send a message to process B. In this case,
the required message passing [s entirely local, and takes the form of a
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conventional function call invocation. Process A simply invokes one of the
functions of B,

Machine 1 | Machine 2
Figure WB104-7: Local Message Passing Mechanism

We now turn our attention to the situation where the target process is
remote, such as when process A wishes to send a message to process C.
In order to achieve the goal of transparency, it is desirable for the
message passing mechaniem to appear, to both the calling process and
the target process, to be identical to the preceding case. This desired
situation is illustrated in Figure WB104-8. If this scenario is realised, then

_from the point of view of both processes, the message again appears to
Involve just a simple function cali—in this case process A invokes one of

th functions of G. The mechanism wherehy the Process Agent Model
achleves this in realily is illustrated in Figure WB104-9,

W——/ Machlne 2

Flgure WB104-8: D'esired Remcte Message Passiﬁg Mechanism

Three agent processes, A,y Buen and C,., are introduced. Each
presents the same interface to the calling process as the corresponding
authentic process.

When process A wishes fo send a message to process C, it simply
identifies the local agent for C and calls the appropriate function. Because
the interfaces are identical, as far as A is coricerned, It has invoked one of
the functions of what it perceives to be the authentic process C. In reality,
A has Invoked the corresponding function of Cg,, In this way, the agent
process is able to infervene on behalf of the absent process C.

Paga 20
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Coent €Nicodes the message and sends it to the Envirsnment Manager.
- (The details of the precise encoding mechanism that is used can be found
in the Low Level Software Design, WB 113, Section 8.3). The
Environment Manager maintains a process-to-processor allocation table,
from which it determines the location of the actual process C to be
machine 2. The EM uses the network to deliver the message to the peer
EM on machine 2. Upon rec~™it of the message, the remote EM delivers it
o the remote message handler of the authentic process C. C's remote
message handler then decodes the message and invokes the infended
function. Once more, the actual function is not aware that it has been
invoked by the remote message handler and not by process A directly.

[ Environment Manager ] _ ( Environment Mana_gerj
Y ) '
Machine 1 / Machine 2
_ Metwork

Process-Level View
of the System

Authentic Pracess
Remote Message Handler

Agent Process

Figure WB104-9: The Process Agent Model Remote Message Passing
Mechanism
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3.9

Advantages of the Process Agent Mode!
The following constitute the key advantages of the Process Agent Model:

¢ The architecture places no additional overheads on jocal messages. A
disadvantage of many distributed processing systemn architectures, is
that a#f messages are handled by a central message bandling
subsystem. The PAM overcomes this problem by aliowing messages
to be transferred between local processes without the intervention of
the Environment Manager.

in the limiting case where all system processes run on a single
machine, a system making usc of the PAM reduces to a standalone
version which has practically no additional overhead compared to a
systemn that does not support distributed processing atall®.

» The development of application processes is simplified, since ordinary

_ function calls can be used for inter-process communication, without the

application processes nieeding to be aware of the underlying network
commumcations

The Process Agent Model versus Remote Procedure Calls

The Process Agent Model message passing mechanism which has been
described above, has features in. commion with the concept of Remofe
Procedure Cails (RPCs), which have been discussed in the Literature
Survey (WB 101), Section 4.2.3. Like the PAM, remote procedure calls
allow calls to be mads to a procedure which resides on a dn‘ferem
computer or in a different address space.

There are, however, some notable disadvaniages to the use of. RPCs in
the context of the project at hand. The main drawbacks of remote
procedure calls include the following:

1. The ecalling process is suspended until the called procedure
returns [Coulouris and Dollimore, 1891:84]. Shnier [1986] refers to
RPC communlcation as synchronous or blocking—the requester must
wait for a response before proceeding. This is the most serious
disadvantage of RPCs, since it limits the degree of concumrency of

* The addition of a remote massage handler to each process does increase the memery
footprint of the system. This may have a siight impact on performance. Furthermore,
unless the implementstion of the system iz optimised =o that no polling for network
messages occwrs In the limiting case of a standalone machine, the network polling loop
will infroduce a further source of overhead. Neither of these factors is particularly
significant to the overall performance of the sysfem. '
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prooesslhg that is possible. The calling process is unable to continue
processing untl it has received a response from the remote machine.

The calling syntax is different. Typically, the syntax of a remote
procedure call is different to that of a local procedure call. Although
certain RPC implementations aim to make i amote procedure calls as
much liike local calls as possible [Coulouris and Dollimore, 1891], the
use of remote procedure calls is never fransparent to the caliing
process. One approach to the issue of fransparency is to use RPCs for
all message passing in the system, This, howevey, is not a favourable
soiuhon as is discussed under point 3 befow.

When RPC is used for all procedure calls, the overhead for
commurnication between processes on fiie same machine is high,
In RPC, local communication is treated as an instance of remote
cemmunication, and simple local operations are treated in a similar
way to complex remote operations. There are therefore significant

“overheads associated with the use of RPCs for local messaging,

(This issue has been addressed by Bershad et al. [1980], who have
developed the “lightweight remote procedure call” {(LRPC). For same-
machine communicafion, LRPC makes use of a "frimmed down”
version of the general remote procedure call mechanism. As a result,
when used for all inter-process communication, LRPC fs able to
achieve significantly betier overall performance than the use of full-
blown RPC)

wiv] D4ww.102.doc
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The Environment Manager

As was indicated in Section 3.3, the Environment Manager (EM} jorms an
intermediary layer between the application processes and the network.
The main function of the EM is to provide the appiication processes and
agent processes with a high level interface to the functionality of the
network. It is primarly concerned with process-to-processor ailocation,
message delivery and communications management.

The Environment Manager is responsible for allocating the available
processing resources among the various processes, This allocation may
be performed automatically at runtime, through determination of the
capablllty of the available machines or may be manually specified based
on a priori information about the hardware configuration being tsed. In
addition, process-to-processor allocation may be statlc in the senise that
once decided, Is remains the same for the duration of the system's
execution, or may be dynamic. Dynamic allocation might include the
reallocation. of processing tasks to under-utiflised resources (joad
batancing), or catering for machines that become available subsequent to
the initial startup of the system.

An agent process wishing to forward a massage that it has intercepted to
the corresponding remote process simply gives the message to the EM,
identifies the destination process, and the rest—including routing of the
message fo the cotrect machine and guaranteeing message delivery
where appropriate—is done by the EM. At the other end, the message is
delivered to the {arget process by the EM without that pracess heeding to

- be concerned with the details of network polling and message retrieval.

in terms of communications management, the Environment Manager
serves as an intermediary whereby processes obtain access to other

processes. This is necessary if the EM is to perform dynamic process-to-

processor allocation, since any local reference that a process maiatains to
another process wiil no longer be valid when that process is redeployed.
Where multithreading is used, synchronisation of this nature also prevents
more than one process from obtaining access to the same data.
simuftaneously, which could have undesirable conseauences (This aspact
is discussed under the heading of Common Tactical Policies, Threads of
Execuiion in section 3.2 of the Low Level Software Design, WB 113).

In addition to these primary responsibilities, the EM also performs various
initlalisation and setup functions.
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4,11 Origins and Earlier Work

The term “Environment Manager” has been used previously by Wang,
Graen and Shaw [1995), as well as by West et al. [1882]. The two systems
in question are respectively the MR Toolkit and the AVIARY system, both
of which have been discussed in the Literature Survey /WB 101) and
previously in this document. The Environment Manager which forms part
of the Process Agent Mode! that has been developed owes not only its
name but also many of its characteristics to this earlier work.

In the context of the MR Toolkit, the Environment Manager is a high level
tool which runs on top of MR, lis primary objective is fo reduce the
programming efiort involved in constructing networked virtual
environments using MR. The MR EM is geared towards disfributed multi-
user virtual environments where each machine sontains a replicated copy
of tne entire virtual world, and users on diffirent machines interact with
one another via the network. it is responsible for application initialisation
and replication, network configuration, communication mansgement and
concurrency control. It initialises the objects in the virtual world, sets up
the various VR hardware devices and manages graphical updaies. It also -
attempts to optimise neiwork bandwidth ufilisation. Each user in a mufti-

user virfual environment runs a local EM which communicates with other

EMs across the network. The objects managed by the EM nsed not be
aware that the system is distributed, since all interaction between objc-,ats
ig' done via the EM.

The AVIARY system also incorporates a “Virtual Environment Manager”
(VEM) as part of its software implementation. The AVIARY system makes
use of distributed processing primarily to improve system performance.
The AVIARY VEM process is primarily concerned with the allocation of
objects to processors, and the maintenance of consistency between these
‘distributed virtual objects. :

As was noted in the Literature Survey (WB 101), a distinction needs to be
drawn between “multi-user” distributed Virtual Reality and VR sysiems that
make use of distributed processing in order to improve performance. The
MR Toolkit is in the former calegory, while the AVIARY system is in the
latter. In this respect, the Environment Manager which forms pari of the
project at hand has more in common with the AVIARY VEM than the MR
EM. However, many of the requirements of these two types of distributed
VR are the same, and consequently many of the tasks performed by the
MR EM are also managed by the EM in this project.

The placement of the EM within the archifecture of the Process Agent
Model is different to both the MR and the AVIARY implementafions, The
MR EM acts as a master process that resides at the highest level; ali other
system components are subotdinate to if. In the AVIARY system, the EM
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4.1.2

is merely another system process, and exists at the same level as the
application processes. The Process Agent Mode! places the EM as an
intermediate layer between the application processes and the network.

The main difference between the EM in this project and the MR EM is that
several of the tasks that are performed by the MR EM have in this system
been more appropriately encapsulated in the high level system processes
and the network. The tasks of VR device setup and graphical update
management are performed by the Input Handler and Presentation
Generator processes respectively, and the task of network bandwidth
optimisation is performed by the network.

Summary of Responsibilities

The Environment Manager is responsible for performing the fol[owmg
fasks, inter alia:

o Network inltialisation and the establishment of communications links
with alf other machines.

« Machine capabiiity evaluation on system startup, to determine the
strengths and weaknesses of each machine.

s Process-to-processor allocation
Assignment of processes to processors may be based on machine
capability or the copstrainis of physically attached devices. For
example, the Input Handler process which supports a particular input
device should reside on the machine to which that pisce of hardware is
attached.

« System initialisation including the startup of all system processes
and agents.

¢ Routing of messages received from agents to the remote machine
which houses the authentic target provess.

s Delivery of messages received via the network to the appropriéte
destination process.

¢ Guaranteed delivery of critice! messages such as events.
+ Performance Monitoring.

. Dyna{mic load balancing and intelligent re-allocation of processes
based on processor and network utilisation and in the event of the
addition or removal of processing resources.

Page 268
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.o Disaster recovery and object persistence in the event of a machine
or process that stops responding.

it should be noted that the initiai prototype implementation of the
Environment Manager which .has been developed in the scope of the
project af hand does not provide all of the functionality described above. In
particular, automatic machine capability evaluation, performance
monitoring, and dynamic {oad balancing and process re-allocation, are the
subject of a separate masters project being underiaken by Michael
Polyzos, entitled “A Distributed Virfual Reality Approach for implementing
Advanced Man-Machine {nferfaces Using L.ow Cost Personat Computers’.
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- Network Communications Infrastructure
- The network communications layer referred to in Section 3.3 is

responsible for providing the transport mechanism whereby messages are
actually transferred between one machire and another. its responsibilities
(nclude managing the interface between the software and the network
communications hardware, providing guaranteed dslivery of certain types

-of messages, and opfimising bandwidth utilisaticn. It shields the

Environment Manager from the details of the underlying network-oriented
details, including protogols, message segmentation and addressing
mechanisms,

The design and implementation of the network layer of the architecture is
the subject of a separate masters project being undertaken by George
Spanellis, entitled "A Distributed Processing Approach for implementing
Advanced Man-Machine Interfaces®. His work includes aspects such as;

« a hybrid protocal in which the transport mechanism used is dependent
on the content of the message being transferred. This aliows for the
use of reliable, managed, connection based protocois for messages
whose delivery must be guaranteed, while best-ry protocols with lower
overheads (such as datagram<) can be used for less critical
information such as state updagi=: |Kessler and Hodges, 1996].

» intelligent queueing, whereby messages that have become redundant
are intelligently culled before they are transferred across the network.

e @ dual queveing mechanism, capable of delivering temporally
consistent state update information to the rendering subsystem.
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1.1

1.2

1.3

Scope
Infroduction

This document defalls the high level design of the software, including the
softwara design methodology, and the formal software architecture of the
system. Whereas the Concepiual System Design (WB 104) describes the
various concepts — techniques, structures, models — which are drawn
from the problem domain, and which constitute the designed solution to
the problem, the High Level ™ “yn indicates how these ideas are mapped -
mto the software domain.

" The motivation for the choice of an object-oriented design methodo!ogy is

discussed, and the principles of object-oriented software design are
presented, including a brief discussion of the Booch notation which has
been used. The benefits of object onentaticn in the context of the project
at hand are highlighted.

The software architecture of the system is presented, from a logical as
well as a physical perspective, The logical architecture focuses on the
classes and objects which. make up the system, their roles and
responsibilities, -and their interaction and collaboration in providing the
desired system performance. The physical architecture details the
aliocation of the program source code to files and modules, the
compilation dependencies which exist befween the various moduies, and

the allocation of processes ta processors. -

An endeavour has been made to describe not only the objective high level
softiware structure of the system, but also the strategic design decisions
and pertinent issues which have led to the system architecture which is
presented,

Purpose

The High Level Design is intended to serve as a comprehensive descrip-
tion of the high level structure of the software, as well as providing the
reader with insight into the design considerations and architectural choices
that wers involved in arriving at the presented dasign,

Applicability
The High Level Deslgn s ¢rucial in understanding ihe structure of the

software, and how the various components are integrated to provide the
overal} functionality of the system.

Page 2
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OOVE
1.4 Definitions
1.4.1 Abbreviations
The following abbreviations are used in this document:
AP[ = Applications Programming Interface
EM = Environmett Manager
HMD = Head-Mounted Display
. MFC = Microsoft Foundation Classes
1.4.2 Terminology

Several issues with regard to terminology are encountered in the
documentation, where ambiguity could arise dus fo the same term being

. used to describe two different things or where there are alternate

meanings for a term. It is hoped that this section will serve to clarify the
terminology which has been used, and that the discussion provided here,
together with the context in which each term is used in the text, will
indicate which meaning is intended in each case,

Where possible, case and font have been used as cues in the. text to
indicate in which sense a word is being used. In particular, program code
fragments and filenames are designated by means of the Courier font.

Object The term object (lowercase) is used firstly In the terminology of
object-oriented programming to mean an instance of a class. Secondly,
the term Object (capitalised) is used to describe the conceptual abstract
notion of a "thing” or entity in the virtual ervironment with which the user
may interact. In this sense, an Object is considered to consist of both a
geomelric representation, as wefl as some defined autonomous
behaviour. Thirdly, the term Object (Courier font) is the name of one of
the classes of the system—specifically the class which represents the
abovementioned entities in the virtual environment. Therefore the second
and third senses of the word can for the most part be interpreted
equivalently with impunity, since their meaning is the same, if not the
context of their usage, The dlfferenoe will invariably be Indicated by means
of the font used,

Application and Process The term spplication has been used to
desoribe the eniire program which runs on a particular machine. This will
sometimes also be referrad to as the OQVE application. The acronym
OOVE stands for Object-Crlented Vittual Environment, and refers fo the
entlre software system that has been developed in the context of this
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project. This usage of the term application corresponds to the cencept
that Microsoft Windows ana Microsoft Visual C++ refer to by the term
process. The veasan for this cf .*~e is that the term process has been
used in a different sense in this ject—see the following discussion for
explanation. :

Process and Agent The Conceptual Virtual Reality System Model which
is presented in the Conceptual System Design (WB 104) partitions the
system Into & number of interacting components, which have been termed
processes. The word process has been used In the text in several different
ways, but the semantics of its use in each case is the same. (At the
operating system level, the term process is often used to refer o an .
executing instance of a program; this Is not the sense in which the term

_has been used in this project—-—see also the previous note)

The Process Agent Model, also presented in the Conceptual System
Design, Introduces the concept of agenfs. Because of their role and
responsibilities in the implementation of the system, agents can alsc be
seen as fypes of processes. For this reason, agenis are sometimes
referred to as agent processes. Depending on the context, the generic
term process may refer to both processes and -agents, Where a distinction
needs to be drawn between a process and its respective agent, the
process is referred to as the authentic process or actual process, while the
agent is called an agent process.

The terms Process and agent (Courier font) are used to describe the
absiract base classes from which all Processes and Agents are derived.
They are sometimes referred {o as the Process class and Agent class.

instantiation There are two distinct ways in which the terms instance and
instantiation (or the verb instantiate) are used in the text. In the first
instance, these terms refer to the relationship between an object and its
class. In this sense, it is true to say thar an object is an instance of a
particular class—the class is instantiated in order to create the object.

The second usage of these terms refers to the relationshlp between a
template (parameterized) class and that template class with its formal
parameters specified. One may therefore refer o the instantiation of a
parameterized class fo obtain a class. The class so obtained is an
instance of the template class.

in order to create an object of a parameterized class, therefore, it is
neceseary to first create an instance (in the second sense) of the
parameterized class by specifying the formal parameters, and than to
create the object as an instance (In the first sense) of the resuiting class.

Pags 4
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1.5 Notes
« The foliowing trademarks and copyrights are hereby recognised, and
are not individuaily acknowladged in the text:
RenderWare is a registered trademark of Canon inc.
The RenderWare software library is copyright Criterion Software
Limited 1995. - ) - .
Rational Rose is a trademark of Rational Software Corporation
¢ Throughout the document, the masculine “he” or “his® has been used |
for conciseness. Wherever encountered, this should be interpreted as
referring to “hefshe” or *hisfher”.
1.6 ~ Audience
The audience for this document includes the project manager, individuals
involved in further development of the project, members of the SEAL -
management board, the extemal examiner, and any other interested
parties.
1.7 Applicable Documients
174 - Standards
a. SEAL QMS Document Creation Template, QS 002, Revision 0.02, 3
- Qctober 1984 _
b. SEAL QMS Document Layout, Presentation and Typesetting Guide, Q8
003, Revision 1.00, 3 October 1994
1.8 Assumptions

It is assumed that the reader has read the Conceptual System Design
(WB 104), and is familiar with the material contained therein, It is further
assurmed that when used as a technical referance to the software, this
document will be consulted in conjunction with the Low Levet Design (WB
113). '
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Object-Oriented Software Design

- Overview

The object-oriented methodology for software development has been used
in the design and implementation of the software, The underlying
philosophy behind object-orientation is the modeliing of a software system
as a collection of co-operating objects, where individual objects are
instances of a class within a hierarchy of classes [Booch, 1994:18].

Object-oriented software development is fundamentally different from
traditional functional or procedural approaches. Procedural programming
languages are usually geared towards describing abstract operations, and
the division of an overall process into & number of smaller steps. The
focus is on fop-down structured design and algorithmic decomposition.
Conversely, object-oriented development partitions the system according
to key abstractions In the problem domain. The focus is on data
abstraction and decomposition of the system into entities which model

~ objects in the real world.

There are inherent advantages to the use of the object-oriented paradigm.
Object-orientation brings together the concepls: of abstraction,

 encapsulation, modularity and hierarchy within a single conseptual

framework, called the Object Model. Booch [1984:20,77] has identified the
following significant benefits of the use of object-oriented design and the
Object Model: '

+ Complexity Management Object-orientation helps in managing the
complexity which is inherent in software systems. In order to friaster
the complexity of a system, it is essential t6 decompose 1t into smaller,
more manageable parts, This division of a system’s state space allows
us to understand the system by examining a few parts of it af a time.

s Stable Intermediate Forms and Risk Reduction Object-oriented
systems are more resilient to change. Because they are designed to
evolve " omentally from stable smailer systams, object-oriented
systerns w2 betier able to evolve over time. This reduces the risk
whic': .s nomally associated with. building and maintaining complex
software systems.

» Software Reuse An object-oriented approach provides an economy of -
expression through the reuse of common mechanisms. This results in
smaller systems than are yielded by algorithmic decomposition.
Smaller systems are more maintainable—there is simply less code to
maintain. Reuse can take a number of forms. The most significantly

Page &
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beneficial form of reuse in object-ortented systems is the explo:tation of
commeonality through inheritance.

Maintainability The facilitation of maintainability is one of the key
advantages of using object-oriented technigues. Due to their inherent
ability to evolvé incrementally over time from stable intermediate forms,
and due to the high degree of reuse which is achievable, object-
oriented systems are highly maintainabie.

Natural Conrceptualisation Booch suggests that object-orientation
appesals to the workings of human cognition. Object-oriented systems
are a natural way of viewing software. They provide, as Martin [1993]
puts if, a means for analysing the world in a way that seems natusal to
human thinking.

Some additional reasons for using object-oriented techniques, which are
specific fo the particular problem domain being addressed in the work at
hand, have been discussed in the Literature Survey (WB 101) and the
Conceptual System Design (WB 104). These are recapitulated here:

Decoupling Object-orientation lends itself well to distributed
processing by dividing the system into a number of functional units
{cbjects) which are to a large extent decoupled from pne another. The
processes in a paraliel processing system need fo be decoupled, so
that the volume of information exchanged between them is minimised.

Separation of Responsibilities In a well-designed object-oriented
system, each class has clearly defined and delineated responsibilities. -
Separation of responsibilifies allows tasks fo be completed to some
extent independently of each other, and therefore allows for parallel
asynchmonous threads of execution, which is critical for effective
distribution of processing.

Message Passing The message passing mechanisms that are used
for communication between objects have a convenient analogue in a
distributad processing system, where message passilg takes place
betweer processes running on different processors.

Transparent Distributed Processing The object oriented principles of
inheritance, polymorphism and data abstraction can be exploited to
achieve fransparent distribution of processing through the use of the
Process Agent Model (see the Conceptual System Design, WB 104).

Concaptual Consistency Virtual Reality applications present the user
with a synthetic world in which various ‘objects’ dre present. These
objects may have responsibiiities, may exhibit autonomous behaviour,
and may be interacted with by the user. Modelling the virtual world as a
collection of interacting software objects is a natural and conceptualiy

whi0Sww.,103,doc
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pleasing approach to the design of such user interfaces. It is
convenient for the structure of the software fo reflect the structure of
the application domain.

e Consistency between the domains of the real world, the virtual
environment and its geonietric models, and the software models which
are used, contributes to making the system conceptually sound,
understandable and extensible. According to Martin [1993], object
orientation “reducels] the semantic gap beftween e models we use in
computer programming languages ... and the conceptual models we
use in thinking about the world™, :

Concepts
Objects

The Nazture of an Object

An object represents a fangible entity that exhibits some well-defined
behaviour [Booch, 1994]; a concrete "thing® that exists in time and space.
From a software point of view, an object is a seli-contained unit of

‘software contalning a collection of related procedures ar: - ‘ata structures.

According to Booch [1994:83), the essential characteriv. vs of an object
are its state, behaviour and identity.

The stafe of an object refers io the object's properties as well as the
values that those properties have at a parficular time. An object’s
properties are the characteristics that are inherent, distinctive or
fundamenta! to the nature of that object, and are usvaily static.
Conversely, the particular vaiue that a property assumes may change aver
fime.

Objects do not exist in isolation. Behaviour refers to the way cbjects act on
other objects and react when acted upon. An object acts on another object
by passing messages or inveking operations. The state of an object both |
resulis from and affecis its behaviour.

An object's identity distinguishes it from all other objects. The identity of an
object is determined by its existence at a unique location in memory, and
Is distinct from any name which may be used to refersnce the object. The
identity of an object is unique, and is preserved over the Ifetitne of the
object, though its name may not be. In addition, alfiases may be used to
refer to an object—more than one name may be used to reference the

same object, '

Page B
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Relatfonships Among Obijects

In order to be useful, objects must collaborate with one another. It is only
through the cooperation of objects that the desired behaviour of the
system is realised. Booch [1994:97] identifies two categories of
collaborative relationships amaong objects, namely links and aggregation,

A link is a physical or conceptual connection or association between
abjects, threugh which a client object invokes operations or services
provided by a suppllier object. Therefore, links represent peer{o-peer or
client/supplier relationships between objects, and provide a means
through which one objest may navigafe to another. Message passing
between objects is constralned fo occur only across links. A key
consideration with respect to links is the question of visibility. In order for a
message to be passed from one object to another, the suppller object

_ must be visible o the client object in some way.

An aggregation relationship denotes the ablfity to navigate from a whole
to its parts. The parts of the aggregate object are known as atiributes,
Aftributes are contained by the parent object and form part of its state,
Aggregation provides a mechanism whereby, given a particular object, Itis
possible to navigate to its attributes. It s through this whole/part hierarchy
that objects may be encapsulated as part of other objects,

Classas

The Nature of a Class

. Classes are abstractions. A class represetits a set of objects that share a

common structure and a common behaviour [Booch, 1994:103], A class
encompasses all of the characteristics which are common to the group of
objects which it represents. It acts as a repository of all the general
Information that defines that particular type of object [Dettmer, 1895:254},
Objects are instances of classes; according to Booch [1994:83], the terms
instance and object are interchangeable. Stroustrup [18983] notes that
classes represent the fundamental concepts of the application.

Pragmatically, classes provide the programmer with a means for creating
new types that can e used with the same convenience as the built-in
types provided by the programming language.

Stroustrup [1993] identifies two distinct kinds of classes In a software
system—those that directly refiect concepts in the application domain, and
those that are artefacts of the implementation, The former represent user-
level abstractions and generalizations, while the latter may describe
entities such as hardware or software resources and data structures,
Booch [1994:162] concurs, noting that the identification of classes may
involve both discovery and invention. The process of discovery uncovers
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classes which have analogues in the terminology of the problem domain.
Classes identified through invention are not necessarily abstractions which
are present in the problem domain, but they are useful artefacts in the
design or impiementation of the system.

Represanting a concept o enhty in the application domain as a class in
the software design of the system is a non-trivial task, and typically
requires a significant amount of insight.

Relationships Among Clacses

As is the case with objects, classes do not exist in Isolation, and are
related to one another in various ways to form a class structure.

The pringlpis relationships which exist between classes arei

+ Assoclation
+ Inheritance
+ Aggregation
+ Using

"+ Instantiation

Assoclation is the weakest and most general form of relationship
between classes. Associations are usually identified In the analysis and
initial design phases of system development, and highlight semantic
dependencies between classes. These weak associations are refined as
the design of the system becomes more mature, and in the final
implementation of the system these relationships are typically resolved
into either inheritance, aggregation or using relationships [Booch,
1994:108],

Inheritance denctes a generalisation/speciaiisation relationship between
classes, in which one class shares the structure or hehaviour of another
class. The former class is said fo be derived from the latter class, and to
inherit characteristics from it, A class from which another class Is derived
is termed a superclass, while the derived class is called a subclass.

Through this mechanrism of structural and behavioural sharing, inheritance
allows the programmer to express commonality among classes. The
subclass may augment, redefine or restrict the superclass from which it is
derived. {nheritance can be seen as an “is a” relationship, in the sense .

- that if class B is derlved from class A, it may be asserted that clags B "is 2"

kind of A, Class B i a specialised klnd of the more generalized class A.

The mast generalised class in & class structure is called a base class. A
subciass of the base class may in turn form a superclass for further
derived classes, forming an Inheritance hierarchy. :

Pags 10
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The concept of polymorphism is made possible through inheritance.
Polymorphism provides a means whereby a single name may denote
objects of different classes, but which are related by some common
superclass [Booch 1994:72]. An object denoted by this name can
therefore respond to a common seét of operations in different ways
depending on which actual class is being dealt with.

Multiple inheritance is also possible, through which a class may be derived
simultaneously fiom a number of different superclasses. Such a class
inhetits chardcteristics from each of its parent classes.

Aggregation denotes a whole/part relationship betwean classes in which
one class contains an instance of ancther class. Containment may be by
value or by reference. Physical containment, or containment by value

- indicates that the existence of the contained class is dependent on the
existence of the class of which i Torms part. instantiation of the enclosing
class causes the component class to be created; destruction of the
enclosing class causes if to be destroyed. Containment by reference
allows each of the classes fo exist independently of the other, and
“addltionally allows parts to be shared structurally—iwo different clags
instances may contain references to the same object.

Using relationships involve one class making use of the services provided
by another. The class providing a service Is called the supplier, and the
class which uses that service is fermed the cllent. A class may use
another class in different ways. The used class may appear as part of the -
signature of one or more of the member functions of the using class, or
may be instantiated locally in the impiementation of one of the member
functions of the client class.

- Instantiation is necessary when making use «f genericity—parameterized
or generic classes. A parameterized class is a class that cerves as a
template for other classes. A parameterized class must be instantiated
before it can be used; upon instantiation, the template parameters are
specified. Paramelerized classes are often used for implementing
container classes,

2.3 The Object-Oriented Design Process

The Booch methed for object-orlented design has been adopted in the
design of the system at hand. Booch [1984:230] has identified two
features that characterize successful object-oriented sofiware projects:

o strong architectural vision
« 2an iterative and incremental development life cycle

Strong architectural vision is evident in a system that has conceptual
Integrity and a sotind internal class and object structure, Conceptual
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iritegrity in the system's architecture makes the system understandable,
extensible and maintainable, i reduces developmental risk. The key
atributes which contribute to the integrity of an architecture are the
existence of well defined levels of abstraction, clear separation between
interface and implementation, and simplicity through the appropriate
exploitation of commonality. It is felt that the project at hard {o a large
extent exhibits these traits.

Traditional software design approaches that are exclusively fop-down or
exclusively hottom-up do not lend themselves well to the object-oriented
design process. More appropriate is an iterative and incremental life
cycle in which the architecture of the system and strategic and tactical
decisions dre successively refined, and the experience gleaned from each

~lteration Is carried forward to the next phase in the analysis and design ot

the system. _ -

The software development Iife cycle needs to be etructured and well
managed, so that the process can be controlied and measured, but must
simultaneously provide sufficient freedom for creativity and innovation.

In order to reconclie these patently disparate requirements, Booch's
method for object-oriented design is comprised of jwo collaborative
development processes—a micro development process and a macro
development process. The micro process is iterative and incremental, and
represents the daily analysis and design activities of the software
developer, The micro process is fiexible and informal, and encouragas
opportunism, creativity and innovation. The fraditional phases of analysis
and design are intentionally blurred. The macro process provides a
controlling framework within which the micro process repeatedly proceeds.
The macro process is formal and well-ordered, and the traditional distinct
phases of analysis and design are retained,

2.3.1 The Micro Development Process
Figure WB105~1 summarises the main activities which make up the micro
development process,

Page 12 Version 1, & Saplember 1958 ' 106w, 103.d0c



OOVE | High Level Software Design Doc. No. WB 105

e
¢ [dentiy classes ) )
__,--—--"H and oljects e

- : | R .
i_,______.__zf.._. — .4 _
| acily cfags and . J'den!iﬁf. class and

- | ohfact interfoves and ! a
{ implementation object semaniios
P : . )

S -
T

"““*-—-1 {dentify class and -
| object relefionshins

Figure WB105-1: The Micro Development Process

The phases deplcted in the figure are as follows:

Identify Classes and Objects Decomposition of the system through the
identification of classes and objects serves to define the boundaries of the
problem. Through this process, the key abstractions which form the
vocabulary of ' the problem domain are discovered, and new
implementation-specific abstractions are invented {see section 2.2.2.1). It
s also during this phase that commonallty among abstractions is
identified, so that it can m» ufilised advantageously.

Identify Class and Object Semantics Responsibilities are allocated by
defining the behaviour and attributes of the classes and objects which
have been identified in the previous phase. Apportionment of
responsibilities defines and separates the roles of each abstraction, and
eventually feeds down into the specification of the interface of sach class.,

Identify Class and Object Relationships The identification of semantic
dependencies between abstractions serves to specify the coaction of
objects and collabaration between classes to achieve the desired system
funclionality. it is during this phase that associations between classes are
identified. These associations are eventually resolved into either
inheritance, aggregation or using relationshlps (see section 2,2.2,2),

Specify Class and Object Interfaces and Implementation At this stage,
structures and algorithms are devised, which provide the desired
properties and behaviours of the abstractions which have been identified,
In this way, tangible representations of the abstractions are created, and
the abstractions are further refined as a result of the pragmatic

- consequences of imple:nentation. This activity typically also uncovers new
classes and objects at a different level of abstraction, and thus feads back
Into the process of identifying classes and objects. :
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The Macro Deve ament Procsss

The miacro development process serves as the controlling framework for
the micro process which was outlined above. Figure WB105-2
summarises the main activities which make up the macro development
process as the project proceeds from conceptualisation, through analysis
and design, and finally to evolution and post-delivery maintenance.

_ _ Dev Jop a modsl of
Establlsh core  .———"¥ the daslrd bahaviour
et (b

Mﬂﬁﬂgﬂ‘ pokidel mﬂﬂf amaniancn
: avalution | tevoluton)

{mzinfenance}

Figui‘e WB105-2: The Macro Development Process

Conceptualisation The first phase in the macro process concerns itself
with establishing the core requirements of the system which is to be
developed. The main purposes of this phase are to validate the initial
assumptions which have been made, and to provide proof of concept for
the ideas behind the project. The deliverables of this phase are typically
one or more prototypes. '

Analysis The purpose of analysis is to provide a model of the system's
behaviour, The result of this phase is a comprehensive description of the
problem and the functional requirements of the solution. The focus is on
the behaviour of the system (what the system does), rather than on its
precise form, it is during the analysis phase that the classes and objects
that furm the vocabulary of the problem domain are identified.

Design It is during design that the architecture of the system and the
strategic organisation of the sofiware are formulated, Additionally, the
commoan tactical policies that will be used are decided upon {see section 3
of the Low Level Design, WB 113). The architecture of the system is-
described diggrammatically—the logical architecture is expressed

Poge 14

Veralon 1,03 & September 1988 wh05ww.103.doc



QOOVE

High Leve! Software Design - Doc. No. WB 105

2.4

primarily through the use of class diagrams and object diagrams, while the
physical architecture is conveyed by means of module diagrams. The
system architecture is presented in section 3 of this document.

Evolution The evolution phase is essentially the process of product
development. The evolutionary development of the system is
characterised by successive refinement of the system implementation.
The evolving architecture endeavours to simultaneously safisfy various

" constraints: functionality, performance and available human and physical

resources. The products of this phase are incremental executable
releases of the of the software, :

Maintenance The last phase in the macro development process involves
continued evolution of the systemn after it has been delivered. Catalysts for
such activity include augmentation of the system requirements and
discovety of latent defects in the system. The former situation calls for the
addition of new functionality or modification of existing system behaviour;
the latter requires the formutation of bug fixes.

Context of the Project Within the Object-Oriented Design Process

~ Booch [1894:248] notes that the macro process invariably repeats itself

after major product releases. One of the goals of the project at hand has
been fo deliver the first “major product release”, and as such, the project
can be viewed as having gone through one complete cycle of Booch's
macro development process. .

It is expected that the macro development process cycle will, as Baoch

suggests, go through subsequent iterations during the course of further
development of the project in the future by other researchers within the
Software Engingering Applications Laboratory.

While it /s meaningful to regard the project as having been through the
entire macro development process, it is important to note that Booch's
design process is by its nature fairly recursive. The project at hand is a
fully fledged object-orfented system in its own right, and has therefore
proceeded through the various phases of conceptualisation, analysls,
design and evolution. On the other hand, the software is essentially a
protofype system. Prototypes provide proof of concept, and are in Booch's
process, the ouiputs of the conceptualisation phase, Therefore the entire
project can equivalently be regarded as forming part of the
conceptualisation phase of a much larger “meta” macro development
process, the endpoint of which will be a final oommlssmned version of the

system. '

Booch [1984:250] asserts that “prototypes are by thelr very nature.
incomplete and marginally engineered”, Given its status as a prototype,
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2.5.1

therefore, it should be realised that certain aspects of the system have not
been implemented beyond a rudimentary level and that simplifying
assumptions have been made, in order to achieve the overriding objective
of providing proof of concept,

Booch Notation

The Booch notation has been used for this project. Booch [1994:171]
notes that a well-defined and expressive nofation is important to the
process of software development. The use of a standard notation aliows
the designer of a software system to unambiguously communicate to
others the desigh decisions which have been taken in formulating the
architecture of the system. A good notation relieves the mind of the'
unnecessary work of expressing conceptual design structures, and allows
the designer to concentrate more fully on the task at hand. in addition, an -

" expressive notation allows for the use of automated tools for consistency

and correctness checking, such as the Rational Rose® tool by Rational
Software which has been used in this project,

In order to capture all the sallent details of the software system being
described, a number of different views of the system are required. Booch's
notation provides facilities for describing both the logical and the physical
architecture of the system. The logical view of the system is provided by
means of class diagrams and object diagrams; the physical view of the
system is described through the use of module diagrams and process
diagrams. in addition, the notation provides mechanisms for describing the
time-varying behaviour and dynamic semantics of the system, by means -
of interaction diagrams and state transifion diagrams. The graphical
notation which is used in each of these diagrams [ described in the
following sections.

Ciass Diagrams

Class diagrams show the existence of, and the relationships between the

classes which make up the system, The notation used for class diagrams
is summarised by Figure WB105--3,
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Flgure WB105-3: Class Diagram Notation

As shown in Figure WB105-3(a), classes are represented in the notation’
by means of an amorphous blob or cloud icon—-indicating that while the
boundaries of the absiraction represented by a class are crisp and clearly
defined, they may not always be neat or simple. The class icon has a
broken outline, indicating that the class must be instantiated before it can
be used meaningfully. The name of the class is written inside the jcon,
Selected attributes and operations may be shown below the class name,

‘beneath a separating line. Abstract classes are indicated by means of an

gy adornment,

" The first four'types of réiatic‘mships between classes that were discussed

in section 2.2.2.2 are indicated in a class diagram by means of the four
variations of connecting lines between classes that are indicated in Figure
WB105-3(a). From top to bottom, these are: association, inhefitance,
aggregation and using relationships—class B is respectively associated
with, derived from, part of, and used by class A. Adomments fo the
containment (aggregation) relitionship icon may be used to show the
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2.5.2

nature of physical containment which is used—contalnment by value or by
referance (Figure WB105-3(e)). '

Class categories (see section 3.2.1 1) are depicted as rectangles, as
shown in Figure WB105-3{(b). Thu -.nly relationship which is shown
between class categories Is the using refationship. The presence of this
relationship implies that classes which are part of the client class category
may inherit from, contain and use the ciasses which are part of the
supplier class category. Using relafionships between class categories are
indicated by the same connecting line s is used between classes, -

Parameterized clusses are shown with a dashed rectangle adornment,
denoting the class' formal parameters. An instantiated parameterized
class is depicted using a sofid rectangle adornment, denoting the
instantiated class’ actual sarameters, which are positionally matched to
the formal parameters during instantiation. The instantiation relationship

st o iydicated by a dashed arrow from the instantiated class fo the

pa - v.. sized class from which it was instantiated.

Class utilities are indicated by a cloud icon with & grey shadow. at the
lower right edge.

Object Diagrams

Object diagrams show the existence of, and the relationships between
objects (class instancas). The notation used for object diagrams is shown

" In Figure WB105-4,

Objects - Obleﬂm T 5°m9Mem99() Ob]ectB Class S,

. Cliettt Bupplier |
®)
Examples of —— \
Visibility (S
Adornments - Global, Structurally Sharad Local, Not Shared

Flgure WB105—4: Object Diagram Notation

To represent objects, the amorphous blob, or cloud lcon is again used.
However, the boundary of the icon is in this case solid, indicating that the
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object is a concrete entity. The object name is written inside the icon. The
object's class may be specified, prepended by a colon, Selected attributes
may be shown beneath a separating line.

*inks which exist betwesn abjects are indicated by a solid connecting line,
Operation invocstion or message passing is represented by a directed
arrow, with the operation name and a seguence number for the message
alongside it. Links may be adotned to show the visibility of one object to
another. Examples of this are shown in Figure WB105—4(b) :

Interactidn Diagrams

Interaction diagrams are essentially simply an altemative way of
representing the information contained in object diagrams [Booch, 1894).
Nonetheless, object diagrams and interaction diagrams are both useful in
their own right. An interaction diagram to a large extent duplicates the
semantics of the cotresponding object diagram, but omits some fypes of
information such as attribute values and visibility. Interaction diagrams,
however, provide a convenient mechanism for tracing the executlon of a

- scenatrio, making it easier to follow the sequence of message passing in

relative order.

The graphical notation used for inferaction diagrams is deplcted in
Figure WB105-5. '

Object1:Class1 Object2 {Class3 QObjectd

; Operatloni) _ :
i :
‘ : Operation2{) . o
; i
; Operatlond{) :
: : S P\ isdiia
: E Operationd()
Operations() %

Figure WB105-5: Interaction Diagram Notation

The objects of intersst appear at the top of the diagram, and may be
indicated either by object name, object class or hoth. Objects for which the
objent name is not specified represent anonymous instances of the
specified class. Below each object, a vertical broken line extends down
the diagram. Message passing befween objects is indicated by means of
arrows drawn between these dotted lines, labelled with the name of the
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operation being performed. Message sequence is indicated by vertical
position, with the first message appearing at the top of the diagram. _

254 Module Diagrams -

Module diagrams show the allocation of classes to modules in the physical
implementation of the system. A module represents a file which contains a
portion of the implementation code of the system. The notation used for
module diagrams is depicted in Figure WB105-6.

(&) Neme Name Nams  jame
Moces ==l I =
| - T
| ' ‘EE_ ST . Subsystem
Bpecifcation Body ~ Bpeclfcation Generic Medule

and Body
CombAned

® P
Medule P SR
D=i:andencies 3

Flgure WB105-6: Module Diagram Notation

Figure WB105~8(a} shows the icons which are used to depict various
types of modules. A specification module contains class declarations,
while a body module contains class definitions. In C++, these wo module
types correspond to .h and . cpp files, respectively. Since the two pars
are very closely related, modules are often depicted with the specification
and body grouped togsther to form a package. The icon which is used for
packages s shown in the third diagram in Figure WB105-5(a).
Parameterized classes are allocated to generic packages. :

The icon for a subsystem is shown on the far right of Figure WB105-6(a).

The only relationship between modules which is deplcted is = zompilation
dependency, as shown in Figure WB105-6(b). Such a dependency may
exist between any of the module types in Figure WB105-6(a). For
example, & package may depend on a subsystem.
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. Process Diagrams

Process diagrams are used to show the allocation of processes to
processors and to indicate device ufilisation in the physical imblementation
of the system. The notation used is depicted in Figure WB105-7.

(a)

Processors {
and Devices |
b
Device
- {b)

Connections |

process 1
process 2

procass n

" Figure WI105~7: Process Diagram Notation

' Figure WB105-7(a) shows the lcons that are used to tepresent

pracessors and devices, respectively. The distinction between the two lies

in Booch’s definition of 4 device [1994:224] as “a piece of hardware

incapable of executing programs”,

interconnections between processcrs ahd devices are Indicated by a line
connecting thelr respective icons, as shown in Figure WB105-7(b}, The
processes assigned to a particular processor are listed beneath the icon
representing that process.
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3.4

System Architecture

This secfion describes the architecture of the system, from both a logical
and a physical point of view. The classes and abjects which make up the
system. and the interaction bhetween them to produce the desired
behaviolir forms the logical architacture. The physical implementation of
the system in terms of where particular classes and objects are declared
in practice and the dependencies which exist between them, forms the

~ physical architecture. The Booch notation, detailed in Section 2.5, is used

throughout, This typeface Is used to denote source code fragments,
class names, module hames and filenames, '

Contributory Source Code

Some of the source code which forms part of the software product which
is described in this document, was not written entirely by the author, -
These contributions are discussed in this section. Apart from those
compenents mentioned here,; all of the remaining system cods has been
developed by the author, :

Network Classes

" The classes which provide the network communications [nfrastructure for

the program were developed by George Spanellis, as part of the 1995_11
DPVR project within the Software Engineering Applications Laboratory,
The version of the Network Classes source code which las been
incorporated into the project at hand consists of;

» the ReadStruct structure (user-defined composite tyrie)
s the CMessage class
« the CNetwork class -

Cars has been taken in the design of the system to ensure that there is a
clear Interface between the network classes and the rest of the system.
The development of the remainder of the system was therefore able to
proceed entirely independently of that of the new.;orK classes. The network
is viewed as a black box which provides a particular range of functionality
to the rest of the system. The implementation details of the network,
including the quetieing mechanism and protocol, are entirely encapsulated
in the network classes, and are transparent to and thus independent of the
rest of the system.

Page 22
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3.1.2

RenderWare Library

The RenderWare graphics library from Criterion Software has been used
for the three dimensional modelling and rendering aspects of the project..
RenderWare is a commercial, cross-platform, three dimensional graphics.
rendering library. The RenderWare library provides a third party
Applications Programming Interface (APl) which facilitates the rapid
rendering of complex three dimensional graphics. The product has suppart
for multiple platforms, providing a measure of platform independence and
portability to the system implementation.

Source code which refers to the RenderWare library can be identified as
follows: All RenderWare API function calis and data type declarations. are

prefixed with “Rw"; for example, RwRenderScene{) or RwClump*,.
respectively. All RenderWare enumerated types are prefixed with “xw”; for

example, rwERECONCAT.

in this document, the RenderWare library has been identified as a class
utility—a collection of free subprograms or nonmember functions. The
RenderWare API takes the form of a number of functions which are used
to contro| the various scene maintenance and rendering tasks which the -
fibrary is able fo perform. It should be noted that RenderWare does
internally make use of hierarchical modelling and application specific
types-—ideas which are object-oriented in nature. The interface to the
supported funclionality, however, has been provided by means of
standard nonmember function calis.

Linked List Template Class (Gen.ist)

The GenList linked list class which has been used, was developed by
Stephen Levitt, as part of the 1995_10 MSR project within the Software
Engineering Applications Laboratory. This parameterized class is & very
generic container class, which provides the functionality of a doubly linked
list. it has been used entirely without modification. The Incorporation of
this class info the design of the system is a good ex~+ jle of sofiware
reuse, one of the key benefits of object-orientation (see Section 2.1).

By virtue of its parameterized implementation, the GenList class Is able
to contain elements of any specified class or type. In the project at hand,
instantiations of the linked list have been used to house strings (objects of
the MFC CString class), as well as pointers to high level agent
processes--for example, a linked list of pointers to InputHandleragent
objects (see Section 3.2.1.3.1). In this latter case, the pararmw.wr which is
used 1o instantiate the linked Iist class is "InputBandleragent*".

The GenList class provides familiar linked llst functionality—the ablity to
obtain the current list size; add elements fo the list; remove elements from
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the list; navigate to the previous or next element, or to the heaginhing of the
Iist

Debug Classes

The debug classes (refer to Section 3.2.1.5) were jointly developed by the
author and George Spanellis. The classes in question are the CDebugger
and CDebugDig classes. These classes togsther allow the program to
output debug messages during program execution to a separate
debugging window. This is useful during development for fracking various
aspects of the program's execufion,

The ability to display debug messages is of particular lmportancs in an
application such as this, which is event-driven, multi-threaded and
distributed across a group of networked machines. The program code

- does not by any means executte sequentially, and events may be triggered

by messages which amive from another machine. A common debug
window to which the various parts of the software can log messages is
extr_emafy useful in tracing the execution of the program.

Logical Arcﬁitecture_

The logical architecfure encompasses the key abstractions and
mechanisms which are present in the system. The key abstractions are
the classes and objects that form part of the vocabulary of the probiem
domain. Mechanisms are the means whereby objects collaborate to
provide the behaviour that sat[sﬁss the requirements of the problem

- [Booch, 1994:162,164].

Class Structure

In this section, the classes that make up the sysiem are identified, the
roles and responsibilities of each class are documented, and the
relationships between classes are detalled. The deslgn decisions which
were taken in formulating the class structure that is presented are

conveyed. '

Class Categories’

At the highest leve|, the system can be partitioned Into class categories—
each class categoty represents a collection of classes which can be
grouped together and viewed as a logical unit. The classes in a particular
class category are typically fairly closely coupled; the coupling between
class categories is loose,
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Figure WB105-8, the top level class diagram of the system, shows the
class categories which have been identified. This diagram represents the
high ilevel architecture of the system and highlights the main layers into
which the software has been partitioned. The three layers which may be
distinguished are the High Level Process Classes, the Emv. .nment
Manager Classes and the Network Classes, In addition, the RenderiWare
class ufility, the Debug Classes and the Timer Classes have been
identified as top-level class categories.

High Leval
Process Classes -
P ‘ Render- 3
‘x\‘* Ware
D ;
Envird_nrﬁ_'ent
Manager Ciasses De’bu—_‘ig .
Classes !
jgobal |
’"T 1 Timer |
: Classes 1
Network global :
Ciasses

' Figure WB105-8: Top Level Class Diagram of the System

The layered architecture which has been used serves to insulate the
higher level layers from the infricacies of the lower layers, Specifically, the
details of the underlying communications are hidden from the classes in
the layers above. Communication between the High Level Processes is
facilitated by the Environment Manager, which in turn utillses the Network
layer to transfer messages between machines over the network. This
layered architecture, not coincidentally, marais the layered architecture of
the Process Agent Model, which forms aus integral part of the conceptual
design of the system (referto WE 104, the Conceptual System Design),

The High Level Process Classes both use and are used by the
Environment Manager, As will be seen below, on the one hand, it is the
responsibility of the Environment Manager to manage the high level

wil 05w, 103.doc Varsion 1,03 B September 1998 Phge 25



‘Doc. No, WB 105 High Level Software Design - OOVE

processes that exist on a particular machine, including the instantiation of
those processes; on the other hand, the high level processes use the
Environment Manager to obfain the Identities of other processes with
which they wish 16 communicate, Hence there is a bidirectional using
relationship between these two class categories.

The Environment Manager Classes In {urh use the network for the transfer
of messages over tie network. Because the receipt of messages is
initiated by the Environment Manager through a polling mechanism, the
usage relationship is unidirectional. The polling mechanism and message
retrieval details are fully discussed in the Low Level Software Design (WB
113, Section 6.12.2).

~ The high level process classes (specificaily the Presentation Generator

and Object classes) make use of the ReriderWare class utllity, to perform
the necessary graphical model manipuiation and rendering fasks.

The Timer and Dabug class categories provide the functionality necessary

_for temporPi performance logging and debugging, respectively. These

services ate edensively used by alf of the other class categories, and are
thurefore designated as global.

The following sections discuss each class category in somie detail. In each
case, the class sfructure s elucidated by means of one or more class
diagrams, together with an objective discussion of the relationships
between the depicted classes, and how the classes collaborate to produce

 the desired system behaviour. The responsibilities of each class are

discussed, from a high level point of view. The low fevel implementation
details of each class may be found in the Low Level Design (WB 113), and
are intentionally omitted here. Finally, for each class category,
consideration is given to the important strategic design considerations that
ware involved in formulating the class structure that is presented,

High Level Process Classes

The various processes which comprise the Conceptual Virtual Reality
System Model that is presented in the Conceptual System Design (WB
104}, are realised in the software architecture of the system by means of
the high level process classes, Therefare, this class category
encompasses the principal functional uniis of the Vlrtual Reality sysiem
from a high level point of view.

Furthermore, the agent processes necessary for the implementation of the
Process Agent Modsl (also discussed in WB 104) are also represented in
this class category, since there is necessarily a close coupling between a
particular process and Its corresponding agent.
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32.4.2.4 Class Structure
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Figure WB105-9: High Level Processes Class Diagram

Figure WB105~9 depicts, inter alia, the main inheritance lattice of the high
level process classes. The four main process classes that have been
identified are the Simulation, Object, InputHandler and
PresentationGenerator classes. Each process class is mulliply
derived from its comesponding agent class: SimulationBgent,
ObjectAgent, InputHandlerAgent or PresentationGeneratar-
Agent, and from the base class Process, Each of the agent classes are
in turn derived from the base class Agent,
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There is a single instance of the EnvironmentManager class on each
“machine. Each agent and process class inherits a reference to the locat
EnvironmentManager object from the Agent base class.

All of the agent classes as well as the process classes use the class
FunctionCall in order, respectively, to encode and decode funcfion
calls which are transferred between processes which reside on different
machines. Note fhough, that as discussed in the Conceptual System
Design (WB 104, Section 3.6.,2), it is only the remote message handler of
each process class that interacts with the FunctionCall class. This is
key to preserving the notion of insulating the process class from the
details of hetwork communications and message decoding. (The remofe
message handler of each process class is reallsed by means of the
RecvMessage (} member function, as discussed fn the Low Level
Sofiware Design, WEB 113). :

\‘\
) -4 o
//r-..f\‘_

,f Simulation” o

G- )] -
£om TN \ s
» Simulation vy i
¢ Agent 7/ -~
S A
i.,‘_ - “ -~ — Y -
!  Presentafion
7 GeneratorAgent
;S : .---""’"fh Y
P lnpuﬂ-!and[er'; -’ PR Ea P
[ Agent [/ Input , Presentatlon v~ ~
™ w _ ¢ Handler & ¢ Generator ¢ :
\ - _,[ h Py ~ i
- N - . \h o

Figure WB105-10: Process Class Using Relationships

- Figure WB105-~10 depicts the using relationships which exlst betwesn the
high level process classes. In order to place this class diagram in context,
the Conceptual Virtual Reality System Model presented Iin WB 104 should
be consulted, since these using relationships correspond fo the paths of

“Information flow which are present in the concepiual system model. A
procass class may use another process class either directly, or indirectly,
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by means of the later process's agent class. Infe_raction between
processes is direct in the case of both processes being resident on the
same machine, Where the supplier process is remoate, the client process

interacts instead with the local agent process.

As indicated by the diagram, the InputHandier class uses the
Simulation, Object and PresentationGenerator classes and their
respective agents; the simulation class uses the Object class and its
agent; and the object class uses the PresentationGenerator class

~and its agent.

Although using relationships between the InputHandier class and the

. 5imnlation and Object classes aie shown in the diagram, it should be

noted that in the prototype implementation which has been developed, the
InputHandler uses only the PresentationGenerator. Direct
manipulation of objects by the user and manipulation of the simulation
through user input have not been implemented. in the scope of the project

" at hand.

32122

Class Responsibilities
Agent

This abstract class is the base class from which each of the agent classes
is derived. In the current implementation, four such agent classes are
defined, namely InputHandleragent, ObjectAgent, Presentation-
GeneratorAgent and SimulationAgent., Each of these agent classes
in tum forms one of the base classes from which the comesponding
process class (InputHandler, Object, PresentationGenerator
and Simulation) Is derived. The Agent class gives the classes
derived from it a unique identity in the form of a process ID, which is
common between a process and its corresponding agents. In addition, the

 Agent class keeps frack of the identity of the local Environment Manager,

so that all of the agent and process classes contain this information. A
process uses the Environment Manager to ascertain the identity of other
processes with which it wishes to communicate; an agent uses the EM to
send messages over the network to a remote process.

Process

This abstract class is one of the base classes from which each of the
process classes is derived. In the current implementation, four such
process classes are defined, namely the InputHandler, Object,
PresentationGenerator and Simulation classes. Each process
class is multiply derived from its corresponding agent class and the
Process class, The main function of the Process class is to define the-
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interface whereby a process handles messages relayed fo it by the
Environment Manager (which originate on a remote machine).

FunctionCall

The FunctionCall class encapsulates the concept of a function call,
Typically this takes the form of a member function of one object being
called by another object. This class is responsible for maintaining all the

‘necessary details which define a particular function call, including which

function is being called, as well as the parameters and their types.
Additionally, the class must perform the necessary encoding of the
function call into a form suitable for transmission over the network, and
decoding of this information at the other end. Coulouris and Dollimore
[1991:86] refer to this process as marshalling of the function call
arguments.

The intended usage of the FunctioncCall class is as follows:

1. An agent process intercepting a function call destined for a remote
process constructs an eniply FunctionCall object {(which we will call
£n) to represent that function call, and assigns it a function identifier

. which is unique within the scope of the agent/process pair,

2. The agent then instructs £n to add each of the parameters in turn to its
internal representation of the function call.

3. The agent then requests that £n marshal the complete function cal,
and the marshalled version which is retumed is then sent to the EM by
the agent.

4. At the other end, the received message is relayed by the EM fo the
remote message handler of the destination authentic process. '

5. The remote message handler constructs & new FunctionCall abject
using the received string. (The FunctionCalli object automaticaliy
decodes the marshalled information from the string)

6. The remote message handler invokes the appropriate function call of
the authentic process using the decoded parameters which it queries
from the FunctionCall.

Simulation

The simulation class is the first of the four main process classes of the
system. It is responsible for managing all non-graphical computation. That
is to say, the simulation clags houses any underlying application-level
processing tasks that are required to be performed by the program.

In the prototype system that has been developed, the Simulation class
incorporates a continuously running simulation of what the output from a
simple SCADA system might be. It thus contains a simple computational
model, the output of which is a seties of sampled parameter values at
discrete time intervals. In a full scale implementation of the system, one or
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more Simulation processes would be responsible for delivering a live
external data feed. (For a discussion of SCADA systems, please refer to
WB 103)

Much of the functionaiity of the class comprises the main simulation
thread; the remaining funclionality of the class plays a role only in
supporting the running of the simulation.

Object

The Object class forms the second of the four main process classes of
the system. It represents the concept of a geometric object or entity in the
viriual environment with which the user may interact. The class contains a
geomefric representation of the object, and each object is responsible for
handling updates o the part of the overall geometric model that it
represents. These updates may be init'ated by efther the InputHandier
{disctssed below) or by the Simulation. Examples of possible updates
fo a particular object are scaling, transiation, or rotation,

An Object aiso perorms any autonomous behaviour which has been
defined for it. Where an object acts autonomously, updates to the state of
the object are initiated by the object itself.

Each Object is addifionally responsible for furnishing the Present-
ationGenerator with updates regarding its state, so that the images
that are rendered accurately reflect the tatest state of the model,

InputHandler

The InputHandler class forms the third of the four main process classes
of the system. The InputHandler is responsible for dealing with ali user
inputs appropriately. In the current implementation, this includes keyboard
as well as mouse input. In & future full scale incarnation of the system, an
InputHandler would also be used to handle input originating from other
devices, such as a dataglove or the head tracker of a head mounted
display. In the case of a dataglove, the additional inputs needing to be
dealt with would include position and orientation information, as well as
informafion ragarding the shape of the hand. Input from a head tracker
would comprise position and orientation information,

Additional device-specific input Handlers would be implemented as
classes derived from the base InputHandler class. It is in this way that
the system caters for the use of multiple input devices—all of the
functionality required to handle a particular device is contained in the
corresponding InputHandler class which has bsen developed to
support that device.
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Shaw et al. [1997 | distinguish between two levels of user interface design,
namely semantic design and syntactic design. In the case of user input,
semantic design refers to the meaning behind the user's actions—i.e.
what he intended when he interacted with the system. Conversely,
syntactic design refers to the particular form that the actual command
took. The InputHandler's primary task, therefore, is to perform the
necessary. symtactic pre-processing of the raw userdinput stream,
extracting the semantics of the users interaction with the system. The
appropriate operations are then invoked accordingly.

An example is jllustrative. Suppose the user moves the mouse horizontally
while depressing the left mouse button. In this case the syntactic input
comprises a particular mouse movement-—specified i terms of the
number of pixels between the startpoint and the endpoint—as well as the

" time at which the mouse bution was depressed, and the time &t which it

was released. The semantics of the user's interaction with the system,
however, are that he wished to pan the camera, or adjust his viewpgint in
a horizontal direction by a certain amount. The InputHandler must
convert the former description into the latter. In this case, the fact that the
mouse button was depressed Is interpreted as a command to pan the
camera, and the distance the mouse was moved while the bufton was
down represents the degree of pan. Therefore the InputHandler will
instruct the PresentationGenerator fo pan the view by the specified

- amount,

Apart from semantic inferpretation, the ‘Input Handler may perform
additional processing on the inputs that it receives. This may incnde -
filtering to remove noise, aggregation of inputs fo extract the gestalt of the
intended acfion, thereby reducing the frequency of discrete events having
to be dealt with- by the system, or predictive filtering [Liang, Shaw and
Green, 19¢1] to reducs the lag perceived by the user.

PresentationGenerator

The PresentationGenerator class forms the last of the four main
process classes oi the system. The PresentationGenerator's main
responsibility is the rendering of the output which is preserited to the user,

The Presentation Generator performs the necessary viewing

transformations based on the position of the user's viewpoint relative o
the scene, and then renders the scene from that paint of view.

In the current implementation, the Presenta*ionGenerator renders to
a window on a standard display monitor. In a future incarnation of the
system, the PresentationGenerator will alse be capabls of rendering
to other devices, such as a head-mounted display (HMD). The possibility
also exists for more than one Presentation Generator tn be used
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simultanaously—for example where a stereoscople HMD is used, separate
instances of this class would render slightly different Images fo each of the
ugar's eyes to create the llusion of depth. Furthermore, this class has
been called PresentationGenerator, as opposed fo
GraphicsGercrator, indicating the further possibility in some future
version of the sysiem for devices which provide oufput which is not
necessarily visual—for example three dimensional audic or tactile
feedback devices.

Additional Presentation Generators will be implemented as classes
derived from the base PresentotionGenerator class, It is in this way
that the system caters for the use of multiple output devices—all of the
functionality required to handle a particular device is contained in the

. corresponding PresentationGenerator class which has been
developed to support that device.

Bimulationfgaent
thjectAgant
InputHandlerAgent

PresentationCenerstorigent

These four classes are the cofresponding agent classes for each of the
four malin process classes described above. An instance of one of these
agent classes Is the software realisation of an agent process, which was
the term used in WB 104, the Conceptual System Design.

The responsibilities of each agent process are similar, The agent process
serves as a representative for the authentic process with which it is
associated, and which resides on a remote machine. The agent in each
case presents the same Interface as the actual process, and is thus able
to Intercept messages {function calis) destined for the authentic process.
The agent then sends these messages, via the Environment Manager,
aoross the network to the actual process.

3.2.1.2.3 Design Conslderations

There are two important design decisions wuth regard to the High Level
Process Classes class category that need to be explained. These are:

+ the inheritance relationship which exists between a process class and
fis corresponding agent class, and

+ the fact that each process ciass is in fact mulliply derived from the
corresponding agent and from the base ¢lass Process.
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The decisior te derive a process class from its conesponding agent class
was not taken: lightly, and the motivation for this choice will now be
explained. The decision was primarily based on:

« the structurai commonality which exists between the process class and
its agent
the ability to make advantageous use of polymorphism, and
the responsibilities of an agent class, and how these responsibiiities
relate to the responsibilities of the process class far which it acts as an
agent. ' :

| By definition, the interface presented by an agent class must to a large

extent be identical to that of the process class which it represents, in order
for the fact of the existence of the agent to be concealed from the cailing
process, The function headers whizh are provided by the agent class must -
therefore mirror those of the process class. This leads to a high degree of
structural commonality between a process class and its agent.

it is desirable to use polymorphism (see section 2.2,.2.2) in referencing
processes and agents, so that the calling process need not be aware of
whether it is falking to the authentic process or to an agent. For this .
reason, it is appropriate for the relationship between a process and its
agent to be one of inheritance. Therefore, given a pointer fo the agent
superciass, it may be determined dynamically at runtime if the actual
object being pointed to is an agent or a process,

Here is evidenced an examiple of Coggins’s Law of Software Engineering,
which Is quoted by Booch as follows: "pragmatics must take precedence
over elegance”, A corolfary to this law is that the features of the
programming language being used often influsnce architectural decisions
[Booch, 1994:333]. The convenience in this case of the use of
polymorphism to make the distribution of processing transparent fo the
high level processes, cutwsighs the fact that a process is not, strictiy
speaking, a speclalised form of agent. In a particular sense, however, a
process can be regarded as a kind of agent, as discussed below,

«he main responsibility of an agent class is fo receive messages destined
for the authentic process, package them into a form suitable for
fransmission across the hetwork, and then despateh them to the remote
process, It is felt that, in & sense, a procass can be regarded as a type of -
agent, since it acts as its own agent (receives its own messages) if the
calling process and the target process are on the same machine.
Therefore the process can be seen as a specialised form of agent, which
adds the functionality of performing the actual “meat" behind the vasious
methods which are provided,

In light of the above factors, is was decided to derive each process class
from its corresponding agent class.
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Each process class is furthermore derived not only from its respective

agent class, but also (through multiple inheritance) from the base class

Process. The reasons for this are that:

« there is commonality amongst all processes, in that they are all able to
receive non-local messages, and '

e it is convenient for the Environment Manager to refer to all local.
processes polymorphically when delivering remotely originating
messages.

In addition to augmenting the behaviour of the agent class, a process is
able to receive remotely originating messages from the Environment
" Manager (by means of the RecvMessage funciion; see WB 113 Low
Levei Design). This behaviour is common to all processes, but is not
exhibited by any of the agent processes. As weli as being seen as
specialised agents, therefore, the process classes can also be logically
grouped fogether as processes in their own right. Aslde from all other
behaviour, all processes are able fo accept remotely originating
messages. There Is thus commonality between all the process classes,. -
which may be efficiently expressed through inheritance,

From the point of view of the Environment Manager, it is usefu! to be able
to refer to local processes polymorphically, The EM should not need to
know explicitly what type of process is being dealt with in order to deliver a
message to that process. Upon receipt of a message from the network,
the EM need onfy perform a lookup of the destination process ID, and can
immediately daspatch the message to that process, regardiess of which
particular type of process it is.

3.2.1.3  Environment Manager Classes

The Environment Manager (EM)} class category. includes the
EnvironmentManagexr class itself, as well as a nurber of classes which
. are contained or used by the EnvirommentManager class, These
classes may be regarded as collectively comprising the Environment
Managerwhich is referred to in the Conceptual Sy. «em Design (WB 104),
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3.2.1.3.1 Ciass Structure
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Figure WB105-11: Environment Manager Class Diagram

Figure WB105-11 shows the (predominantly aggregation) relationships
which exist between the EnvironmentManager and various other
classes. As was seen in Figure WB105-9, the agent class maintains a
reference to the local Environment Manager. This association is displayed
again here for reference.

The EM contains each of the classes ObjectList, SimList,
PresGenList and InputHDList, which are respectively lists of pointers
to each different type of agent process. These four classes are in fact
each instantiations of the template class GenbLxst, with the appropriate
type of pointer specified as the formal parameter. For example,

InputHList =GenList<InputHandlerAgent*>

An EnvironmentManager instantiates all of the agents and processes
which fall under its jurisdiciion, and is responsible for destraying them
upon termination of the program. These linked fists are used fo mamtam
handles to these objects for the duration of their existence.

i addition to the abovementioned instantiations of the GenList class, the
EM also uses Genlist In the implementation of particular member

Page 38 Vereion 1,03 & September 1998 wh105ww.103.doa




OOVE High Level Sofiware Design - Doc. No. WB 105

functions (typically to store a list of sirngs) and therefore the GenLisk
class itself has been idenfified as being wsed by the
EnvironmentManager class.

Figure WB105-12 depicts graphically the instantiation of the GenList
template class with the various parameters mentioned above. If may also
be observed from this figure that each Genuist confains a number of
DLListElem structures, These structures constitute the elements in the
linked list, and are a consequence of the implementation of the GenList
class (refer to section 3.1,3). '
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Flgure WB105-12: Linked List Class Diagram

An array of NetworkInitStruct sfructures and an amay of Process~
InitStruct structures are also contained by the EM, both of which are
used during initialisation, The amay of ProcessInitStruct's is also -
later used by the EM to obtain the identity of the target process for which a
message has arrlved, in order to defiver it. (These details are dlSGUSSEd in
the Low Level Design, WB 113). _

Finally, the EnvironmentManager contains by reference the class
CNetwork, which provides the low-level network communications
Infrastructure of the system (see Section 3.2.1.4 balow).
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3.2.1.3.2 Class Responsibilities

EnvironmentManager

The EnvironmentManager class is responsible for creafing and
managing the executien environment of the pragram, as well as facilitating
the transfer of messages between system processes, It forms an
intermedlate layer between the high level process classes and the
network, shieiding the high level processes and agents from the intricacies

~of the underlying network communications, while at the same time

concealing the details of process-to-maehme allocation from the network.
In order fo achieve this, an instance of the EnvironmentManager ciass
exists on every machine.

The creation of the execution environment refers to the initial allocation of
processes to processors, and the subsequent instantiation of all the
necessary processes and agents on each machine. Instances of the -
EnvironmentManager running on @ach machine must communicate with

. one another to ensure that all the riecessary processes have been

instantiated, and that a conslstent process-to- processor mapping Is
agreed upon,

Upon rece’pt of a message from an agent process, the Environment
Manage s header information which identifies the process for which
the message is destined, determines the destination machine based on
the process iD and the current process-to-processer mapping, and sends
the message to the network for delivery to the target machine.

When a message is raceived from the network, the EM stips off the.
header, and uses it to determine the destination process. It then delivers
the message to that process.

A high level process abtains from the Environment Manager the identity of
another process with which it wishes to comimunicate.

CHetwork

The CNetwork class provides the network communications functionality
required by the system. This class is part of the Network Classes class
category, which Is discussed in Section 3.2.1.4 bslow.
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ObjectList
SimList
PresGenlizt
InputHList

These classes merely provide a repository for lists of pointers fo each
. different type of agent process In each case, this takes the form of a
linked list of pomters to that pew - . ar agent class.

: Networkrnztstruct

The Environment Manager uses an array of NetworkInitStruct

structures to keep track of the existence status of each of the remote

nodes during system initiafisation. The precise startup mechanism that is
" used is discussed fully in the Low Level Design (WB 113).

‘ProcegalnitStruct

The Environment Manager m= - 5 an array of ProcessInitStruct
structures, which forms a "prouess responsibility list’. Each entry in the list
contains the . ‘alls of one of the processes in the system, and specifies
the process ID of that process, the process type and the 1D of the machine
which is responSIble for that process, Where the process is [ocal a pomter
to the process is also maintained.. .

This list is populated by the Enwronment Manager during initialisation, and
reflects the current process-to-processor allocation. Thereafter, this
information is used for instantiating the necessary local processes, and
agents for any remote processes which may exist.

The Environment Manager also subsequently uses the process
responsibility list in order to deliver any remotely orginating messages
which it receives to the correct process, The EM performs a lookup based
on the process ID contained in the message, and delivers the message o
the process pointed to by the relevant ProcessInitStruct.

3.2.1.3.3 Deslgn Consideratioris

The decision to have to EM maintain lists of pomters to pronesses was
based on the following factors:

» The need for a convenient way for a process to determine the identity
of another process with which it wishes to communicate

e The likelihood, in & TWure implementation of the system, of 'dynamic
process to processor allocation and migration of processes based on
bandwidth or processing load
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3.2.1.4

» The need for a synchronisation mechanism to ensure mutually
exclusive access to a process by different threads of execution

The architecture that has been chosen satisfies the first consideration by
providing a convenient repository for the names of processes, which can
be accessed by any of these processes, by querying the EM.

It is important to note that when process A obfalns from the EM the
identity of process B in the form of a pointer to a B, there is no need for
process A to know whether the pointer points to the actual process B or an
agent for process B. As far as process A s concarned, it has obtained a
pointer to & By, Which provides a particular range of functionality through
a defined interface; the details of how that functionality is provided are hot
relevant. The EM makes the details of whether a process is local or
remate transparent to the calling process. -

This is a key issue if process to processor allocation is to be performed
dynamically, or if the possibility exists for a process to migrate o a
different node. If there were not this transparency, each process would
have to keep track of which machine housed each ofher process, and

‘each fime a process migrated, all other processes would have to be

informed of the change.

wynch'ronisatian. between threads Is critical, since unpredictable behaviour
can resulf if more than one thread is able fo access the same object
simultaneously. Querying the EM each time access to a process is -
required, enables the EM to monitor whether the process In question is

‘being used by another thread, and only provide access to it once it s

released by that thread.

Since the Network is used exclusively by the Environment Manager, it
makes sense for the iifetimes of instances of these two classes to be
connected. The Environment Manager constructs the Network and
maintains a pointer to it. When the EM destructor is called, the network is
also destructed.

Netv}ork Classes

This class category comprises those classes which provide the network
communications infrastructure for message fransfer between processes
residing on different machines. The clasres in this category were
developed by George Spanellis (see section o.1.1); for the purposes of the
project at hand, the entire Nelwork Classes class category has beern
treated as a "black box”, Therefore, the design of this class category will
not ba expostulated in detail, For this information, the reader is referred to
the 1995 11 DPVR project documentation. The class structure s,
however, presented here for reference, and the responsibilities of the
class category as a whole are discussed.
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3.2.1.4.1 Class Structure
. e
! Environment "~
s Manager ,»’
. {from Environment

™~ Manager Classes)
Y.

_———
1
- TS . 1

_..___.._._._.... ._I - ’}‘ -
- P . . :
,/ CMessage ~, ! CLsf 3~ /
' <CM > .
€ ‘- essage ]1 | ]

~ -~

- N
[ —— \ - ! —
e v T 1~~g CNetwork f\

— I (~

| ® }
r==" i -
¢ Cwmay Y7 ~ -

i, <CString>"
-

Figure WB105-13: Network Class Diagram

The CNetwork class contains two instances of the CList class, each of
which is a doubly-linked list of CMessage's which respectively form the
incoming and outgoing message queues, In addition, CNetwork contains a
CArray of CStrings, which acts as an addreSS fable, - :

3.2,1.4.2 Class Category Responsibilities

‘The Network Classes class category is in essence responsible for
transferring messages from one machine to another over the network. The
interface throtigh which this functionality is provided consists of a "send
message” function, a “receive message” function, and a means for
checking if there are any messages in the incoming message queus.

The send message function is used to send a message from the local
machine to a remote machine. The recelve message funcfion and
querying of the message queue are used to retrieve messages which
have arived from a remote machine. A polling system is used, whereby
the message queue is checked, and if a message has arrived, then the
receive message function is used to obtain the message.

The network provides for the transfer of two different message types.
These. are referred to respectively as guaranteed and non-guaranteed
mesfages. Guaranteed messages
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3.21.5

3.2.1.51

3.21.56.2

Debug and Timer Classes

These class cafegories are unique in that they do not provide services
which coniribute to the user-observable functionality of the system.
Rather, they are intended to be usaed during development and system
testing, for debugging and for perfor:nance evaluation. They provide,
respectively, the facilities necessary for debugging of the program source
code through the display of relevant messages during program execution;
and logging the tine at which particular events take place.

Class Structure

DEeBUG CLASSES TiME: ; CLASSES
.,"_“'\-_.-’-\h - (“"'-..’\_.
,' CDebugger ) s Timer {\
G [ . \
! / | ~

-

iy N Rl S
,/ GDebugDg > ,  Timer "\
0 i (. LogEntry ¢
. ‘--.\ i . "-\1 - /‘.
v 7T -

| Figure WB1 05-14: Debug and Timer Class Diagrams

Figure WB105—14 presents class diagrams for the Debug and Timer
classes, The class sfructure of these class categories is very
straightforward. The CDebugger class is the main Debug class, and
contains a single instance of the class Cbebugblg, the debug output
dialog box class, The Timer class is the main class in the Timer class
category, and it contains an amray of TinexrLogEntry structures.

Class Responsibifities
Chebugger

The Cpebugger class Is responsible for receiving debug messages, and
oltputting them to the debug dialog box.
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Chebugblyg

The CDebugDlg class is simply the dialog box by means of which debug
messages are displayed, 1t is responsible for displaying messages which
are directed to it.

Timer

The Timer class is responsible for mamtaimng, in memory, a log of
messages it receives, along with the time that each message was logged.
When the Timer is destroyed, it dumps the log fo a tex{ file, the name of
which was specified upon mstantlatlon

TimerLogEntry

 The TimerLogEntxy structure rapresenis a single log entry It consists of
"a description of the logged event, together with a time stamp for that
avent.

3.2.1.5.3 Design Considerations

The CDebugger class provides a generic interface to the debugging
functionality which is provided. It might prove useful at some later stage to
send debug messages not fo a dialog box but fo a text file or other
destination. The use of the intermediary CDebugger class would mean
~ that such a change could be easlily implemented without necessitating
changes everywhere in the code where debugging information is logged.

The decision to have the timer class log its messages to memory and only

- write the log out fo digk upon program termination {refer to the Timer
class’s responsibilities above) was based on the fact that disk access is
slow compared to processor/RAM-based operations, Therefore, in order
for the act of timing events not to influence the measured times
considerably, it is desirable fo log to memory first, and later output the
results to a file which can be subsequently inspected.
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322

Object Structre

In this section, object diagrams and interaction diagrams are used to
identify various objects that exist in the system, and to illustrate the
relationships betweaen them and the mechanisms whereby they interact. In
this way, the collaboration of ohjects to provide the desired behaviour of
the system Is described,

Three different scenarios are presented.

« Translate Camera (Locai )

‘¢ Transliate Camera (Remote}, and

o Perform Simuiatior Step

These three scenarios have been selected from a wide variety of possible

saquences of interaction among the objecis in the system. Specifica: the
three mechanisms which are described are prototypical examples which
provide insight into some cemimen modes of operation of the system.

The first two scenarios serve to illustrate how the same high fevel
operation may take place differently depending on the hardware
configurafion on which the system runs. The coeration in guestion

- involves a change in the user's viewpoint. The sequence of events is in

each case friggered by a particiiar mouse movement by the user,
indicating his desire to change the point of view. The result is that the
camera location is changed, and the updated scene is rendared. The first
case Is where all of the processas Involved are on the same ghysical
machine. In the second case, the necessary pr:sessing has been
distributed—in this case across two machines.

The third scenario shows the interaction between the Simulation, an
Object, and the Presentation Generator, when one step of the simufation
Js performed. The processing is again distributed across more than one
machine, and in this case, bidirectional communication betwesn machines

is necessary in order to achieve the required behaviour.
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© 3.22.1  Object Diagrams

3.2,2.1.1 Translate Camera (Local)
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Fig'uré WB105-15: Object Dlagram—Translate Gamera {dea])

The first scenario is depicted in Figure WB105-15. The mouse movement
is initially detected by Windows, and the window In which the movement
took place is nofified. In this case, the window in guestion is the main
appication dialog box, which is of the class coovebdlg. The dialog box
simply redirects the OnMouseMove () message to any Input Handiers
which exist. This involves firstly obtaining handles to the Input Handlers
from the  Environment Manager, by means of the
CaptureInputHList {) lunction. In thls scenario, there is only one Input
Handier, and the CooveDlg object serds the OnMouseMove () message
fo it. The Input Handler processes the received information, and
determines that it indicates that the camera must be translated. A handle
to the Presentation Generator is obtained from the EM, and the
Présentatlon Generator's TranslateCamera () method Is then invoked.
In arder to do the transiation, the Presentation Generator calls the
RendesWare function RwVCMoveCamera (). Lastly, the Presentation
Generator Invekes it's own DrawCameraview{) member function, which
renders the scene nased on the new camera viewpaint,
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3.2.2.1.2 Translate Camera ‘Remote)

Figure WB105-18 depicts the second scenario. The mechanics of the
situation are precisely the same as in the previous case. However, in this
case, the Presentation Generator is on a different machine fo the Input
Handler, and therefore the operation involves communication over the
network.

The COoveDlg object, as before, obtains a handle to the Input Handler
from the EM, and redirects the OnMouseMove (} message to it. The [hput
Handler again determines that the camera must be translated. A handl: to
the Presentation Generator is obtained from the EM, and the Presentation
Generator's TranslateCamera () method is then invoked. In this case,
however, the handle which the input Handler obtains is actually a pointer
to an agent which represents the Presentation Generator. The agent

* constructs a FunctionCall object, and adds to it the function ID and all

of the parameters which were passed. The agent then obtains from the
FunctionCall & string representation which fully specifies the function call,
by means of the Get () method, The agent sends this message along with
it"s own process ID to the EM for transmission across the network to the
carresponding authentic process on the remote machine. The EM adds |
the process |D to the message in the form of a header, deterniines the
destination machine based on the process ID and its process-to-processor
allocation table, and then sends the message by means of the network to
that machine.

On the receiving end, the Environment Manager polls the network

‘message queue (the GetCount{} function returns the number of

messages.in the queue). Wheh the message arrives, it is retrieved by the
EM from the network, and passed to the EM's RecvMessage (} function.
The EM determines the identity of the destination process from the
message header, and fransfers the message to the RecvMessage(}
function of that process. In this case, the target process is, not
coincidentally, a PresentationGenerator object,

The RecvMessage () function constructs a FunctionCall object, using
the received string, and theit retrieves the function ID and the parameters
for the call from It {these details are not shown in the figure). It then
invokes the PresentationGenerator: :TranslateCamera () method
with the decoded parareters.

Thereafter, as before, the Presentatidn Generator calls RwVCMove-
Camera{) and DrawCameraView (7, to translate the camera and then
rander the scene.

Note that from the point of view of both the Inpuf Handler and the
Presentation Generator, the operation appears exactly the same as the
previous case, where all of the processes were Jocal, This filustrates the
main advantage of the Process Agent Model (Conceptual System Design,
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32213 Perform Simulation Step

The third scenario is depicted in Figure WB105-17. The Simulation has
performed an iteration, and wishes to update the height of one of the
objects in the scene to reflect the calculated value. In order to do this, the
Simulation issues a 'scale’ command to the appropriate Object. Thereafter
the Object instructs e Presentation Generator to scale its representation

- of that object, and finally, the Presentation Generator re-renders the
scene.

The Simulation first obtains from the EnvironmentManager a handle to
the Object, and then calls that Object's Scaie{) function. The handle
 which the Simulation receives is in this case a pointer fo an
ObjectAgent. The Agent constricts a Fur ctionCall object, as described
- in Section 3.2.2.1.2 above, and sends the marshalled function cail to the
EM. The EM determines the identity of the destination machine, and
sends the message fo the Neiwork for delivery to that machine.

The Environment Manager on the destination machine continuously polls
for messages from the Network. When the message amives, the EM
retrieves the message, determines the identity of the destination process,
and calls the RecvMessage {) function of thet process (in this case the
Object that is to be scaled), The RecvMessage {) function in turn calls the
actual Scale () function, and the object scales itself accordingly.

The Object now obtains a handle to the Presentation Generator from the
Environment Manager and calls the ScaleObjRepresentation{)
function. The handle cbiained is again a pointer to an Agent process, and
the message s again sent via the EM across the network to the machine
on which the actual Presentation Generator resides. {In this case the
Presentation Generator resides on the same machine as the Simulation).
The actual ScaleObjRepresentation{) function is called, which
performs the necessary scaling of the Object's representation by means of
a Render\Vare call, and then finally re-draws the camera view.

3.2.2.2 Interaction Diagrams

Interaction diagrams corresponding to each of the three scenarios which
were discussed in the previous section are presented in this section. As
discussed in Section 2.5.3, an interaction diagram is to a large extent
simply another way of representing an object diagram. Furthermore,
Booch [1984:217] observes that object diagrams and interaction diagrams
are sufficiently close in terms of their semantics that it is possible for tools
to generate one diagram from the other. This has Indeed been the case
here—each of these interaction diagrams was generated from the
corresponding object diagram by means of Rational Software's Rational
Rose tool.
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These diagrams are presented in additic.” to the object diagrams, since it
is easier to follow the order of message passing in each scenario. The
diagrams are preséented without explanation, since the explanations which
were provided in the previcus section carry over without modification.
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© 3.3

" Physical Architecture

This section describes the concrete software composition of the system

" implementation: the allocation of classes and objects to modules, as well

3.3.1

3.3.11

as the allocation of processes to processors.

Module Structure.

‘The source code which comprises the sysiem is divided into a number of

files which make up modules. The software has been organised such that
a particular file contains either the declaration or the definition of one of
the classas which comprise the system. Therefore, for each class which
has been defined, there are two source files, cne which contains the:
dedlaration or specification of the ¢l 38, and another which contains the
implementation detail of the class— che body or definition. In accordance
with Booch's convention, these two files have the same name, except for
g disfinguishing suffix [Booch, 1994:220]. As a consequence of the
system having been implemented in C++, the declaration files all have the
suffix or extension “.H", while the definifion files have the extension
“.CPP", Together, these two files comprise & single module in the physical
implementation of the system.

There are some exceptions to this convention. In some crses, related
classes have been grouped into a single module. In particular:

» each of the four main process classes (PresentationGenerator,
InputHandler, Object and Simulation) have each been grouped
together with their respective agent classes

¢ a number of miscellaneous small classes, structures and enumerated
types have been grouped into the “M15¢" module

» the Neatwork classes all reside in a single module

Top Level Module Structure
Figure WB105-21 depicts the top leve! module diagram of the system.
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Figure WB105-21: Top level Module Diagram of the System

Five main subsystems have been identified. Two of these, the
Environment Manager subsystam and the Network subsystem, each
consist of a single module. The remaining three subsystems are the
Processes, User Interface and Services subsystems. The modules which

comprise the Processes subsystem contaln the declaraticn and definition

of each of the four main process classes and their respechve agents. The -
User Interface subsystem confains those modules responsible for any
interaction that the program has with the user via the Windows interface.
The services subsystem houses various services that are commonly used
by other parts of the system. Each of these subsystems are discussed in
more detall in sections 3.3,1.2, 3.3.1.3 and 3.3.1.4, respectively.

The main dependencies which exist between the top level subsystems are
depicted in Figure WB105-21. Thé EnviMan module (which containg the .
EnvironmentManager class specification) is dependent on the Net
module (which contains the Network class specification), since the
Environment Manager uses the network class fo transfer messages over

- the network fo a remote machine. The EnviMan module is dependent on

the process modules, since the EM instantiates all the high level
processes of the system, and maintains a list of pointers to each type of
process. The processes subsystem is dependent on EnvMan o allow a
particular process fo maintain a pointer to its parent Environment
Manager. The user interface depends on EnviMan because the
Environment Manager itself is instantiated as part of the initialisation of the
main dialog hox of the program. EnvMan depends on the user interface,
so that the EM is able to Initialise the RenderWare graphics fibrary, which -
is part of the user interface subsystern. One or more services are used by
most of the other system components. The details of these dependencies
are giver 'r section 3.3.1.4, The reason for the dependency of the
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services module on the user interface is due to the fact that the debug
madule makes use of user interface functlonailty in the form of the debug
dialog box. :

3.3.1.2 Processes Subsystem

The processes subsystem consists of four modules—one module for each
of the four main process types. Each of these four modules contains the
code for one of the process classes and its associated agent class.
Dependencies exist between the process modules and other subsystems,
as well as intemally, among the process modules themseives.

The module diagram for the processes subsystem is shown in Figure
WB105-22.

Figure WB105-22: Processes Subsystem Module Diagram

The diagram indicates the dependencies which relate to the prociss
modules, All of the process modules depend on EnvMan; in order to
communicate with one another, processes retrieve a pointer from the
Environment Manager to the process they wish o access. Conversely, in
order for these pointers fo be maintalned, the EnviMan module depends on
each of the process modulées. All of the process modules as well as the
-EnvMan module are dependent on various servicss, which are once again
dealt with in section 3.2.1.4. Internal dependencies between the various
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processes are as a result of messages passed between processes as
defined by the Conceptual Virual Reality System Model which is
presented in the Conceptual System Design (WB 104). For exampie, the
input Handler sends messages to the Presentation Generator conceming
changes in the current viewpoint, and thus the lnputH module depends or,
the PresGen module.

User intetface Subsystem

The user interface subsystem contains the main OOVE appllcatlon
modules, as well as modules for the dialog boxes which make up the
Windows interface of the program. :

The user inferface subsystem also houses the RenderWare subsystem, |
which is the third party graphics rendering fibrary that has been used in
implemeniing parts of the system. The RenderWare subsystem .

. encompasses the RenderWare header files (inciuding rwlib.h, rwiypes.h,

rvmacros.h, and mwwin.h), as well as the RenderWare library file
{rwl20.lib}.

‘The user interface module diagram is shown in Figure WB105-23, and

shows the dependencies which exist within this subsyr.tem.,
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BPebugDio
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Figure WB105--23: User Interface Subsystem Module Diagram

The OoveDlg module is dependent on the EnvMan module, o facilitate
Instantiatdon of the Environment Manager during initialisation of the main -
dialog box of the program, OoveDlg Is also dependent on the processes
subsystem, specifically the InputH module, in order for .nouse and
keyboard input captured by the main dialog box to be forwarded to the
Input Handler for processing.

The Environment Mahager, process modules and service modules all
depend on the RenderWare subsystem: the En sonment Manager Is
responsible for initialising the RenderWare library, the Presentation
Generato! (PresGen module in the processes subsystem) Is responsible
for renderiag the frames that are presented to the user; and the servivus
modules use the RenderWare data type definitions, such as RwBool and
RwReal.
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3.3.14

The Débugr_ module (in the services subsystem) uses the DebugDlgy
module, to implement the debugging dialog box.

Several dependencies exist between the modules in the user interface

subsystem itself. In order to reveal these dependencles, the module

diagram depicts the declaration and definition of these modules

separately. The definition of the OOVE application module and each of the

dialog modutes (OoveDlg and DebugDlg), is in each case dependent on

the corresponding declaration. The other dependencies that ate depicted

are generated automatically by the Microsoft Visual C++ compiler to
ensure that the relevant message maps and response tables ate set up
correctly, and to provide visibility with respect to the Microsoft Foundation

Classes (MFC), .

Services Subsystem

The services subsystem houses a number of commonly used components
of the system. These components include the parameterized linked list
class, the function call class, the basa process and agent classes, and
several siructures and enumerated types. The module diagram for the
services subsystem appears in Figure WB105-24.

Figure WB105-24: Services Subsystem Module Diagram
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Each of the other components of the system use a subset of the services
housed by the services subsystem. The details of these dependencies are
made apparent by the figure.

For completeness, the dependencies of the user inferface subsystem on
the EnvMan module, and the bi-directional dependency between the
Environment Manager and the processes subsystem, which have already
bean discussed, have once again been shown, '

3.3.1.5 Allocation of Classes to Modules

Module Name Classes Allocated to Module.
EnvMan . EnvironmentManager
Net ' | struct ReadStruct?
{ Cmessage®
Cnetwork®
Sim SimulationAgent
Simulation
1 InputH InputHandlerAgent
InputHandler
Object CbjectAgent
Object
PresGen PresentationGeneratorigent

PresentationGenerator

EnCail FunctionCall
Misc Process
Agent

struct NetworkinitStruct
struct ProcessinitStruct

DLList struct DLListElem?
' GenlList?

Oove CooveApp

¥ Classes marked with this symbol were not developed by the author - see section 3
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3.3.2

Module Name Classes Allocated fo Module

| OoveDlg CAboutDIg
COovebDig

DebugDig CDebugDig

Debugr CDebugger

Timer struct TimerLogEntry

- Thner

Process Stmcture

The system has been das;gned to take advantage of distributed
processing in order to improve performance, Specifically, the system runs

“across a number of machines which are interconnected by means of an

Ethernet network, Consequently, the platform for execution of the program -
consists of a number of different processors, and when the program runs,
each of the system processes Is allocated to a particular processor.

The allocation of processes to processors is not statio—the assignment
may be specified by the user. Additionally, the hardware which is used as
well as Its configuration need not be the same each time the program is
run. In the cument implementation of the system, the allocation of -
processes to processors is performed by the Environment Manager, by
means of lookup tables which are specified in configuration files. The
system has been designed in such a way as to make the choice of
process-to-processor configuration as flaxible as possible. The only
constraints that are imposed are brought about by hardware
considerations: the process responsible for a particular device must reside
on the maching to which that particular hardware device is physically
attached, For example, the Presentation Generator must be on the
machine which houses the display device which will be used.

In a future implementation of the system, it will be the responsibility of the
Environment Manager to dynamically manage process-fo-processor
dllocation, and to intelligently allocate processes to processors based on
machine capability evaluation. The Environment Manager will also perform

dynamic load baiancing based on processor and network utilisation and

effect reallocation of processes to under-utilised resources,
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Because the process structure of the system is variable, and is subjeci to -
change each time the system is run, the process structure of the system
may only be discussed prototypically. '

" Figure WB105-25 presents a sample process diagram. The situation

depicted involves the system running on three machines. There are thus
three processors. Two hardware devices are also shown—a mouse and

. display monitor.

Presentation”

Machine 1 SR8
' y Object Generator

'Ir_‘uput Handler .A'pplicaﬁcm © -Object ' ,,_,.,._.,_._i//

Figure WB105-25: Sam.ple Process Diagram

| As is usual In the case of an Ethernet nefwork, each of the three machines

have connections to each of the other machines, since they all share a
somimion bus, The mouse is attached to Machine 1, and hence Machine 1
houses the Input Handler Process. Likewlise, Machine 3 is the machine to
which the monitor is attached, and therefore houses the Presentation
Generator process. There are two Object processes and one Simulafion
process in this case. By means of the configuralion files, the Object
processes have been allocated to Machine 2 and Machine 3 respectively,
and the Simulation process to Machine 2. :
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Conclusion

This document has described the software design of the system
implementation from a high level point of view. The dual objectives of the
document have been to provide a comprehensive description of the
structure of the software from both a logical and a physical perspective,
and to highlight the important design decisions which have been taken in
arriving at the software structure which is presented.

The system has been implemented using the object-oriented software
design methodology, ¢ background to the principles of object-criented
design has been presei.«d. it is clear that the use of an object oriented
approach is of significant benefit in the desigh and implementation of

complex software systems in general. Among the benefits are complexity

management, tesilience to change, reuse and maintainability. Several key
benefits that are specific to the project at hand have also been identified. -
In particular, object orientation facilitates distributed processing through

‘decoupling, separation of responsibliitiss and intrinsic message passing.

The architecture of the system has been presented primarily through the
use of Booch diagrams. The logical architecture is moulded by the classes
and objects which make up the system, thelr responsibilities and
behaviour, and the interaction between them. The physical architecture is
determined by the allocation of sotrce code to modules and the allocation
of processes to processors in the physical implementation of the system.

The overall goal of the software design process has been fo realise in
software, as eleganily and economically as possible, the conceptual
models of the system behaviour which have been formulated, and which
have been discussed in the Caonceptual System Design (WB 104). lt is felt
that the software architecture which has been presented achieves. this
objective. :
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1.1

1.2

1.3

Scope

infroduction

This document provides a detailed low level description of the
implementation of the software. It supplies the technical details of the
realisation of the high level system design in actual program source code,
and highiights various factical decisions that have been made in
implementing the system architecture. '

After specifying the naming conventions and common tactical policies that
have been adopted, the document describes in detail the imnlementation
of each of the classes which make up the system. For each class, an
explanation of each of the constituent data members and member
furictions is provided, Where appropriate, the precise algorithms that have
been used in implementing particular non-trivial member functions are
described fuily.

The system has been implemented using the Microsoft Visual C++
compiler and the Microsoft Foundation Classes (MFC) Version 4.2, as well
as Criterion’s RenderWare Version 2.0. The software runs under Windows
95 and Windows NT version 4.0. The code ha. ‘een successfully
compiled under both operating systems. Whet: the system [s distributed
over a group of networked PCs, the use of a heterogeneous mix of the wo
operafing systems is acceptable.

This typeface has been used throughout the document to
denote source code fragments, class names, module names
and filenames.

Purpose

The Low Level Software Design is intended to serve as a reference
document for ahyone wishing to understand or modify the program source
code which has been developed. It provides insight into the algorithms
that have been employed, and the logic behind the praciical realisation of
each functional component of the system.

Audience
This document Is intended to be used primarily by individuals involved in
further development of the project, who will need to understand the low

level implementation details thoroughly in order to be able to extend or
modify the functionality of the system. The wider audience for the

Page 2
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document includes the project manager, the external examiner, members
of the SEAL management board, and any other interested parties.

1.4 Applicable Documents
1.4.1 Standards

~ a SEAL QMS Document Creation Template, QS 002, Revision 0.02, 3
' Qctober 1004 '

b. SEAL QMS Document Layout, Presentation and Typesetting Guide, QS
003, Revisloh 1.00, 3 October 1994

142  Refererices
a. Referenices and Bibliography, WB 114 =

1.5 ' Assumptions

it {s assumed that the reader has consulted the Conceptual System
Design (WB 104) as well as the High Level Software Design (WB 105),
and consequently is well aqualnted with the high level logical and physical
structure of the software. This knowledge is a key requirement to the
understanding of the material presented here,

It is further assumed that the reader has a thorough knowledge of the C++
programming language and synfax, as well as object oriented
programming concepts and terminology.
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Source Code Naming Convent‘ions

The conventions that have been adopted in the choice of names for, / -ler
afia, the classes, objects, types, variables and class methods used in the
implementation of :he software, are discussed in this section. The use of
an appropriate and consistent naming convention assisis the reader in
understanding the code. Accordlng to Booch [1884:163}, the most
Importan: characteristics of any naming convention that is used, are
consisiency and clarity. The naming of an entity should capture its
semantics—ihe essence of the abstraction it represents. It is felt that the
conventions which have been chosen, and which are described below,
exhibit these features _ :

Classes, Structures, Enumerated Types and Type Definitions

Mixed case identifiers have been used for classes, structures, enummerated
types and type definitions (typede£s). Descriptive names are used for
each entity—unabbreviated except where necessary for conciseness.
Each of the words in the name of the entity begins with a capital letter,
with no spaces or underscores between the words. For example:

class; ' EnvironmentManagex

structure; ‘ProcessInit8truct

enumerated type: ProbessType

type definition: - ObjectlList
The base functionality of certain of the user interface classes that form
part of the system was initlally generated by the Microsoft Visual C++ MFC
AppWizard, In addition, the system interfaces with some classes that were
not developed or nof developed enfirely by th~ author (refer to Section 3.1

of the High Level Software Design WB 105). In the case of both the
compiler-generated classes and these ancillary classes, there is a slight

“ variation on the above naming convention—each identifier is prefixed by a

‘¢’ (identifying It as a "class"). For example:

COoveDlg
CNetwark

Paye 4
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2.2 Objects, Variables and Class Data Members
The names of oJjects, variables and the data members of a class ail begin .
with a lowercase letter. VWhers more than one word is used, the second
and subseguent words are capitalised. No spaces or underscores are
used in these names, For example:
oMecﬁ FunctionCall fn
variable:  int result; FILE* addressFile
class data member: PresentationGenexator: : inlse
One notabla special case is the use withln & hame of a resetved word or
acronym which is in uppercase, such as UINT. In this case, the word
remains uppercase, tinless the ohject or variable name beglns with this
reserved word, in which case the first letter becomes Iowercase For
example: -
paramUINT
uINTCount
2.3 Class Methods

Class method names have the initial fetter of each word capitalised, in
much the same way as the names of classes and structures. Class
methods can be distinguished from classes by the context of their usage.
invariably, a class method name will be foliowed by a list of parameters,
whereas a class name will not. For example:

RecvMessage (char* message)
DrawCameraView()

It should be noted that duririg construction of an object, the class name
and the name of the constructor méthod are identical.
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3.2

Common Tacticai iolicies

Common tactical policies are localised mechanisms which appear
throughout the system, and represent standard approaches to the
handling of commonly encountered tactical Issues during |mplementat[on
of the system.

COmpilathn and Management of Executables

The system has been designed to be distributed zcross a number of
workstations, and from a conceptual point of view is divided into a humber
of prooesses one or more of which execute on each machine

While conceptually there are multiple processes, from a physical pount ef
view, only a single exewutable program runs on each machine, For
practical reasons, the approach that has been taken is for the same
executable to run on every machine, configured at rtun time by means of
configuration files. In this way, the source code does not require
recompilation when the system configuration changes, and multiple
binarles do not need to be managed. A different subset of the functionality
of the system will be invoked on each machine, depending on the
configuration that has been specified. '

Accordingly, a single set of source code files provides all of the
functionality of the entire distributed system. This facilitates mainténance
of the software as well as simplifying configuration management.

Threads of Exescution

Microseft Visual C++ and the Microsoft Foundation Class Library (MFC)
provide support for creating multithreaded 32-bit Windows 95 and
Windows NT applications. The software that has been developed has
been written fo take advantage of this. Multiple threads of execution are
useful in an application such as this where multiple activities need to be
managed simultaneously and asynchronously [Microsoft Visual G+,
1996]. Separate threads of execution have been used for the following
tasks: :

« The main application thread, which handles input from the Liser_,
generates the oulput that 1s divplayed, and provides the majority of the
functionality of the system

o Polling and retrieval of messages from the network hardware by the
Network class

Page §
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+ Retrieval of messages from the Network class by the
EnvironmentManager class

s Simulation-related computation performed by the_Simula tion class

There is exactly one instance of the Network class and one instance of
the EnvironmentManager c¢lass on each machine, each of which
contributes a separate thread of exacution, There is typically a single
instance of the Simulation class, and hence a single simulation thread,
across the entire system. On the machine that houses the Simulation
process, therefore, there will be a total of four separate thieads of
executlon, including the main application thread. On every other machine
there will be three threads. In principle, it is possible for there to be more
than one Simulation process-—a fourth thread of execution will exist on
any machine that runs an additional Simulation process.

A distinction is drawn in MFC between worker threads and userinterface
threads. User-interface threads are able to handle user input and respond
to events and messages generated by the user. Worker threads on the
other hand, are used fo perform tasks thai do not invoive user input. The
main application thresd Is a user-interface thread (being derived from the
CWinApp class); all of the other threads that have heen described are
worker threads. '

in a mulfi-threaded application such as this, attention needs to be given to
thread synchronisation. Allowing two or more threads of execution to have
simultaneous access the same data can lead fto undesirable,
unpredictable and often disastrous results, The details of the thread
synchronisation mechanisms that have been used are described in.
Sections 3.4 {inter-Process Communication) and 6.12.2 below.

Memory Managément

Most of the large scale memory alfocation performed by the program is
cartied out by the Environent Manager. The EM is responsible for
instantlating the high level processes, as well as agents for processes
which reside on remote machines. Memory for these processes and
agents Is allocated by means of the new operator, and released upon
destruction of the EM by means of the delete operator.

- Care nas been taken to ensure that any memory that is aliocated by an

individual object Is relsased when that cbject is destroyed. Therefore any
data structures which are created dynamically during the lifetime of an
object are deleted In that object's destructor, in this way, memory leaks
are avoided, A conscious effort has also been made to avoid orphaned
memory caused by the resetting of pointers before the allocated memory
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to which "oy point has been released. This is a further means whereby
the potential for memory leaks can be minimised.

Memory not allocated dynamicaily as described above, is allocated
statically, either in the form of ciass data members, or as locally defined
variables. In these cases, measures do not need to be taken to free up the
memory which has been allocated, since this is done automatically when
the data structures in question go out of scope—aeither when the block of

cade in which they are defined ends or when the ob]ect of which they are

part is desfructed.

infer-Process Communication

The methodology which has been adopted with respect to inter-process
communication, is eémbodied in the Process Agent Modei (PAM) which has
been developed, The PAM is fufly documented in the Conceptual System
Design (WB 104). The goal of the PAR s to make remote communicatioit
between processes transparent to the software objects which constifute
thase progesses. There are a few key issues which need to be noted in
this regard as far as common tactical policies are concerned.

Firstly, in order to facllitate the (future) dynamic allocation and reallocation
of processes by the Environment Manager, processes cannot maintain
static niaming references to other processes with which they wish to
commiunicate. A process object wishing to calf a function of another object
must first obtain or “capture” a pointer fo that object from the Environment
Manager. The object then makes the required calls before “releasing” the
pointer that it has been given, it should be realised that the pointer that is
obtained may be sither point to the actual object in question, or to an
agent for that process, depending on whether the target object resides on
the local machine or not, In keeping with the goals of the PAM, the calling
process Is unaware of this distinction. The EM guarantees that a pointer
prowded in this way remains valid for the duration that it is captured, that
is until it is released.

Furthermore, only one process may capture a pointer to another process -
at a time. Thig consideration is necessary due to the multi-threaded nature
of the program, and acts as a resource sccess control and
synchronisation mechanism, The concept of capturing and releasing
pointers to objects provides a simplé mechanism whereby simultaneous
access to an object by more than one thread can be prevented.

The PAM imposes two limitations with regard to message passing by
means of function calls between disttlbutable processes. Firstly, such
function calls may not have a return value, and secondiy, parameters may
not be passed by reference. Only function calls that have remote calling

capability are affected by these constraints {i.e. function calls that are able

Paga &
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to be invoked by a process which resides on a remote machine). These
limitations are due, respectively, to the undesirability of suspending the
calling process while it walts for a return value to be sent over the network;
and the absence of shared memory. The former allows for asynchronous
message passing between concurrently execufing processes, in line with
the objectives of distributed processing. The latter implies that all data
must be passed by valtie.

Though not implemented at present, it Is possible for passing of
parameters by reference to be catered for by the system architecture. This
would involve the target process asynchronously sending back a message
to its agent process on the calling machine, which would then update the
refevant data. It is important to realfse that although the semantics are the
same, this mechanism would not be exactly equivalent fo standard
reference paramster passing, since it does not ocour synchronously. The
calling process would not see updates to the data untll some
indeterminate time after the function call had retumed. The fact that the
data had been updated could, however, be signafied to the calling process
by some means—for example by setiing a flag. '

3.5 Error Detection and Handling

The detection and handling of errors in a distributed system such as this is-
a nontrivial task, and is an issue which undoubtedly warrants significant
further investigation,

In the case of a standalone system, a common approach to errar detection
is to use a function's return cods as a flag representing the error status of
that particular operation, If an integer return code is used, then typically a
zero indicates success, while a non-zero return value denctes an error.
The particular code that is returned identifles what type of error has
occurred. If a function retumns a pointer, then an error condition may be
signalled by returning a null pointer. In either case, it is the responsibiiity
of the client that calls the function to check the error status and act
accordingly. In the project at hand, this approach has been used wherever
local function calis are involved, For example, many of the RenderWare
fibrary functions return a null pointer in the event of failure; the
Presentation Generator verifies the refumn value of any RenderWare
function that it calls, and accordingly handies any errors that ocour,

Unfortunately, this strategy does not transier well to a distributed system,
particularly where asynchronous remote message passing is used. As
discussed above, in order nof to suspend the calling process while
messages are fransferred over the network, function calls with remote
calling capabillty do not provide a retum value, The responsibility for -
dealing with errors that occur must in these cases be transferred to the
supplier object.
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3.6

The manner in which errors are dealt with depends on the severity as well
as the type of the error. In the case of critical errors, an error message is
displayed and the program terminates gracefully. Non-critical errors are
reported, but do not cause the program to shut down. Network errors
(name server lookup failure, timeout due to bandwidth saturation, etc.) are
dealt with either by allowing the operation to be refried a number of times,
or by discarding the message if it is regarded as non-critical,

Displaying informative messages in the event of an error assists the user
or maintainer of the system in tracing the problem and effecting

appropriate changes so that the error can be eliminated,

- Code Maintenance

The use of distributed pmceésing and the Process Agent Model
infroduces some specific requirements with regard to the development
and malintenance of the program source code. '

In accordance with the PAM, for every distributable process class, a
corresponding agent class as well as a remote message handler function
(see Section 3.8.2 of the Conceptual System Design WB 104) must be
defined. The public interface of the agent class must be identical to that of
the associated process. Measures must be taken to ensure consistency
between the member functions of the process class, the member functions
of the agent class and the remote message handler furiction lookup
tables, each time the interféce of the class changes.

A further consideration is that only certain parameter types may be used
when defining function calls with remote calling capabllity. This is due to
the fact that the parametfer encoding and decoding functionality built into
the FunctionCall class is only able to interpret a limited subset of
datatypes. If support for additional types is required, the functionality of the
FunctionCall class must be extended.

Issues such as these arise largely due fo the fact that a distributed
application is being developed using a standalone compiler—a compiler
designed to write code to be executed on a single machine. Many of the
tasks that are required to be performed are well suited to being entirely
automated. A comipiler providing specific support for the PAM would, for
exaimple, automatically generate the necessary function tables,  and
perform consistency checking between a process class and its associated
agent at compile time.

Page 10
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4.1

411

442

Structures, Enumerated Types and Type Definitions

This section explains the user-defined composite types (structures),
enumerated types and type definitions (typede£s) that have been defined
in the source code and used in the implementation of the software. These

~ fypes will be referred to in the subsequent discussion of class data

membets and methods,

struet NetworkInitStruct
Overview

The NetworkInitStruct structure is used by the Environment Manager

_ during initialisation of the network to store the initialisation status of each

of the remote nodes on the network, The status of one node is stored in
each instance of NetworkInitStruct. Two boolean values are stored
for each node, indicating, respectively, whether the node in question is up

and running (an initialisation message has been received from that riode)
and whether the node in question knows that the local node is up and
running (an acknowledgement of receipt of an initialisation message from
the local node has been received from that node). '

' _Fields

[ int nodeID ]

During initialisation, the Environment Manager assigns each node a
unique zero-indexed node identifier by means of a numeric index into a
list of hostnames specified in the address configuration file (refer to
Sectlon 3.2.1 of the User Referenca Manual, WB 107),

[ Note: When an amray of NetworkInitStruct sfructures is used to
store the existence status for a number of nodes, the node identifier of
each node is implicitly given by the array index. Consequently, this fi e!d _
has been consciously omitted from the sfructure definition ]

RwBool exilsts

A boolean value indicating whether the node in question is up and
running. A value of TRUE or 1 indicates that the node exists; a value of
FALSE or 0 indicates that the node's existence has not yet {ean
established,
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4.2

421

422

RwBool knowsWeExist

A boolean value indicating whether the node in question has
acknowledged the existence of the local node. TRUE or 1 indicates that
acknowledgement has been r.-.gived; FALSE or 0 indicates that an
acknowledgement has not yet been received.

struct ProcessInitStruct
Overview

The ProcessInitStruct structure Is used by the Environment Manager
to keep track of relevant information concerning each of the processes
which comprise the system. For éach process, the deteils recorded are the
process ID, process type, responsible node, and a pointer to the process if
urocess resides on the local machine. An array of these structures

- Jles the EM to maintain a process to processor allocation table, by

-means of which it can manage the local processes for which it is

responsible, route messages destined for a remot‘é_machine to the correct
node, and deliver remotsly originating messages fo the appropriate local
process.

Fields
[ int PID ]

A unique proceés- identifier for the process in question.

[ Nofe: When an amray of ProcessInitStruct structures is used to
store the responsible hode, process type and process pointer for each
of a number of processes, the PID of a process is given Implicitly by the
array index. Consequently, this field has been consciously omitted from
the structure definition ]

Proceséﬂ.‘ype proceéstype

The process type. This field is assigned a value of the enumerated type
ProcessType (see section 4.6). In the current implementation, a

process may be one of the following: Input Handler, Presentation
Generator, Object or Simulation.

int responsibleNoda

Indicates which node is responsible for the process in guestion.. The
responslble node will house the authentic process, and all other hodes
will house an agent for the process.

Page 12
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Procsss* processptr
A pointer to the proceés (an inslance of the appropriate process class)
if the responsible node is the local machine; otherwise a pointer to
NOLL. '
43 sfruct DLListElem
4,31 Overview
This parame{erizéd structure is used intemally by the Genlist linked fist
" class; and represents a single element of the doubly linked list.
432  Fields
T elemant
An instance of the canonical element of the linked list. The type of this
field is defined as T, being the type with which the linked list class is
instantiated. A GenList instantiated with type T constitutes a linked list
of elements of type 7. For example, GenlList<int> creates a linked list of
integers. : :
DLListElen<T> *naxt
DLListElem<> *prav
Pointers to the next and previous elements, respectively. These
pointers are both of type DLuistElem<T>, which is this structure
instantiated with type ¢, The object pointed to in each case will itself
contain an element of fype T, and its own set of pointers. These
pointers are used to navigate through the elements in the linked list.
4.4 struct TimerLogEntry
441 Overview

This structure is used internally by the Timer class to represent a single
entry in the log of events created by the Timer.

Fields
SYSTEMTIME time

A variable of type sYSTEMTIME which serves as a timestamp for the
enfry in question. The SYSTEMTIME structure is part of the Win32
Application Prog-ammers Interface, and represents a date and time
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4.5

4.6

[ vaLue |raBeL - | rvPE OF REPRESENTED PARAMETER
0 ‘paraminteger int—standard C++ integer type
1 param8String | char*—pointer to the start of an array of

14 paramRwReal RwReal-—ihe. RenderWare floating point

using individual members for the month, day, year, weekday, hour,
minute, second, and millisecond. :

€gtring event

A text string holding a description of the event that has been logged.

enun Parametexr

" This enumerated type represent= the allowabls fypes of parameters which

may be passed when an inter-process function cali is made. It is primarily
used when encoding the parameters of a function call which is to be
exectted on a remote machine.

The following table details the possible values of a variable of type

Parameter. Six data types are currently supported.

characters (standard C+ + string type)

paramChar char—standard C++ character type

[L¥)

3 ' paramDouble | double—standard C++ ficating point type

type, which is equivaient fo the £loat type if
the floating point RenderWare libraries are
used, but sllows for the representation of
floating point numbers as 32-bit fixed point
- numbers if the fixed point libraries are used.

5 paramUINT UrNT~tandard C++ 32-bit unsigned integer
' type (syrionym for unsigned int).

anum ProcessType

This type enumerates the different kinds of processes which may exist in
the system, Each of the processes ru;ining on a particular machine will be
of one of these types. The Environment Manager uses this enumerated
type to maintaln a record of the process type of each running process. In

Page 14
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the case of an apent process, the value refers to the type of the process

which that agent represents.
The type is deflned as follows:
VALUE LABEL | PROCESS
0 ) proceéslnpuﬁﬂ Input Handler / input Handler Agent
.1 ' prof:es'sl?resGen _ Presentation Generator /
Presentation Generator Agent
2 précessobj ect Object / Object Agent |
3 procesés im Simulation / Simulation Agent
wea dbjecthisﬁ, Applist, PresGenList and InputHList typedefs

These type definitions simply provide synonyms for the parameterized
class Gentist, instantiated with pointers to each different type of agent
process, They are defined as follows:

typedef GenList<InputHandlerAgent*> Inputhlist

typedef GenList<PresentatlonGeneratorigent*> PresgenLlst .
typedei Genlist<ObjectAgent*> ObjectList

typedef Genlist<SimulationAgent*> SimbList

An object of the type InputhlList, for example, Is a GenLiat of pomters
to InputHandlerAgent objects.

Wby Sww.103.dots

Version 1,03 8 Septerber 1908 Page 15



Doc. No, WE 113 _ Low Level Software Design OOVE

List of Classes

A list of the classes which have been developed is presented here for
reference, The high level responsibiliies of each class and the
relationships between them are fully documented in the High Level
Software Diesign {(WB 105). The imp'ementation details of each class are
provided in the Class Reference which forms Section 8 of this document.

" The low level internal structure of classes denoted by a "+ will not be

discussed in detall, since these classes were not developed by the author
{Refer to Sectfon 3.1 of the High Level Software Design, WB 105).
Howe' er, the interface that these classes provide to the rest of the system

will be discussed, I order to reveal their functionality.

The symbo! "y denotes classes derived from the standard Microsoft
Foundation Class Library. Much of the functionality of these classes is
inherited from their respeciive MFC parent classes. For this reasen, the
internal structure of these classes will also not be dealt with in detall. A
brief summary of the functionality provided by each class will be given; for
more detall, the reader is referred to the Microsoft. Visual C++
documentation [Microsoft Visual C++, 1998},

Process / Agent Classes

Agent

Process

FuinctionCall

InputHandler InputHandlerAgent

Objact ObjectAgent

PresentationGenerator PresantationeeneratorAgent

| 8imulation SimulationAgent

Environment Manager Classes

EnvironmentManagex

Page 16
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Debugging / Logging C_Iaéses B

Cdebugger

w Cdebugblg

Timer

'Network Classes

¥ Cmessage

* Cnetwork

Pammetenzed(:lasses i

* GenlLilst

‘Windows / User Interface Classes

y CaboutDlyg

y Coovelpp

y CooveDlg
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6.1

6.1.1

Class Reference

In this section, a member by member and method by method account of
the Implementation of each class is presented, This sectlon serves as a
guide to the programmer attempting to understand the sourca code, as
well as providing a detailed description of some of the important and
non-trivial data structures and algorithms which have been used in the
implementation of the sofiware. It is intended that the discussions given
below be read in close conjunction with the actual source code, since
there is a direct correlation between the two, In addition, annotations in the
form of comments are liberally scatiered throughout the source cods, and
these complement the inaterial presented here. In order te determine the -
physical location of the relevant sotirce code for a particular class, the
reader is referred {0 the module diagrams presented in the High Level
Software Desigh (WB 105, Section 3.3.1), which illustrate the physical
architecture of the system, and the Program Code Fragments List
contained in the Master Document List (WB 001, Section 3).

class Agent

Protected Data Members
int myPID

The process identifier (or process 1D, or PID) of the agent or of a
process derived from the agent. This attribute Is inherited by any agent
class that is derlved from the Agent class. Furthermore, any process
class subsequently derived from such an agent class in turn also
inherits this data member, Each instantiated system process s
assigned & unigue process |D. Any agents for a particular process that
exist will be assigned the same process ID as the process itself. In the
case of an agent, therefore, this vaiue should be interpteted as the ID
of that process with which the agent is associated.

EnvironmentManager* parentEM

A pointer to the local Environment Manager (EM). There is a single
instance of the EnvironmentManager c¢lass on each machine, An
agent uses this polnter to call on the Environment Manager to forward
messages that it receives to the appropriate remote authentic process.
Each process class also inherlts this data member, and uses it to obtaln
from the EM the identity of another process to which K wishes to send a
message., (As will be discussed in Section 8.4, the Environment
Manager maintalns pointers to all processes and agents residing on a
particular machine).

Paga 18
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6.1.2  Public Member Functions

Agent {int PID, EnvironmentManager® parent)

Parameters Taken: The process ID to assign to the agent (or , .acess)
being constructed, and a pointer {o the local Environment Manager.

" Return Value: None. This is a constructor.

Discussion: The constructor simply initialises the myPID and
parentEM data members (see section 6.1.1) to the values specified.

6.2 -  class Process

821  Data Members -

None,

6.2.2 Pubiic Member Functions

virtual veid Recvﬁessage {C8tring* message)

Parameters Taken: The message to be received. The message is
passed in the form of a string which will be decoded to recreate the
original function call. :

Return Value: None.

Discussion: This pure virtual function provides a template for the
Remote Message Handler (see Section 3.6.2 of the Conceptual System

" Design WB 104) of any process class derived from the Process class.

The Process class is an abstract base class, and therefore contains
no implementation code of its own for this function, The function is -
inherited and redefined by any derived process class.

63 - class FunctionCall

B.3.1 Private Data Members

int functionlID

The function Identifier (or function ID, or FID) of the function call.
Each member function of a class is assigned a functlon identifier,
which is unigue within that class. This function ID is used to
unambliguously determine which member function is being called
when a function call is made. The function ID [s assigned by the

' wol13ww.103.doc
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process which creates the function call object, and is tmttalused upon
instantiation. :

Parametar paramo:r:dar[ 1

int

An array containing the parameter type for each of the parameters of
the function call, in sequence. Spacifically, the value in position 0 in
the array represents the type of the first parameter passed, the value
in position 1 represants the type of the second parameter, and so on,
The values in this array are of the enumerated type Parameter
(refer to Section 4.1)

paranMapping] ] .

An array which maps the paramsiers as listed in the paramOrder
array Into the individual parameter arrays, differentiated by type (see
the <yyy>Count and <yyy>Paramiist data members below) For
example the parameter sequence:

int, Int, char, string, int, char
is mapped_ aé:

1,211,382
which means that:

the first parameter is the first parameter of type integer,
the second paramster is the second paramster of type infeger,
the third parameter is the first paramater of type char -
the fourth pararneter is the first parameter of type string
* the fifth parameter is the third parameter of type integer
the sixth parameter is the first parameter of type char

zah intCount
int stringCount
int charCount
int doubleCount
int rwRealCount
int wINTCount

The fotal number of each type of parameter thai is present in the

funciion definition.
int paramCount

The total number of parameters present in the function definition.

ParamCount = intcount+ stringCount+ ...+ uINTCount

Page 20
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int intParambist[ ] _
CString* stringParambist[ ]
char charParamList[ ]
double doubleParamLiat] ]
RwReal rwRealParamlist[ ]
UINT uINTFaramList[ ]

The individual parameter arrays, which contain the actual function
call parameters, differentiated by type. The slx data types that are
* currently supported by the software are integers, sfrings, characters,
double precision floafing point numbers, the RenderWare floating
point data type, and unsigned integers (see also the definition of the
Parameter enumerated type in section 4.1). All of the parameters of
each particular type are stored in the respective corresponding array.

CString* £nCallsStr

The stnng into whlch the functlon call is encoded When retrieved by
means of the Get () function, this stiing is sufficlent to fully specify -
the function call, and i is this string that is eventually transferred
across the network. At the receiving end, when the FunctionCall
Is constructed using its string representation, the supplied string is .
stored in this variable while it is being decoded.

8.3.2 Public Member Functions
~FunctionCall ()
_Parameﬁeré Taken: None. This is the destructor.
Return Value: None. This is the destructor.

Discusslon: The destructor frees up the memory that has been
allocated for the string representation of fhie function ¢all, as well as for
those parameters that are strings. All other types of parameters besides
strings do not need to specifically be destroyed, since memory for these
other data types is allocated staticaliy,

[ Note: The following member functions are used in creafing a function call
on the sending side. The functions in question are. the constructor which
fakes only the function ID as parameter; the AddParam<Yyy>{)
functions; and the cet () function. |

FunctionCall (int £id)

Parameters Takeri: The function identifier (function ID or FID) of the
function rall being constructed.
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Return Value: None. This ig a constructar,

- Discussion: This constructor assigns the function call the function ID
which has been specified, and initialises the parameter count variables
to zero. {When a function call is constructed in this manner, initiaily
nore of its parametels are specified. The parameters must be added
subsequently by means of the AddParam<Yyy>{} functions discussed
below). In addition, the constructor initialises the fnCallstr sfring,
into which the function call will be encoded during a get. .

void AddParamInt{int param)

void AddParamString (char¥ param)
' void AddParamChar (char param)

void AddParamDoubla (double para.ﬁ)
void AddParamRwReal (RwReal pa.ram)

void AddParamUINT (UINT param)

| Parameters Taken: Exactly one parameter of the specified type.

Return Value: None,

Discussion: Each of these functlons adds the relevant parameter to
the internal representation of the function call. The overall parameter

count, as well as the individual parameter count of the type in question

are incremented, and the parameter is added to the relevant parameter

list array. The paramOrder and paramMappmg arrays are updated for

later use by the Get {) function, in the manner which has already been

described, Note that it is important that these functions be called in the

order in which the parameters appear in the funcfion call definition,

- CBtring* Get()

Parameters Taken: None.

Return Value: A string representation (in the form of a pointer to a
CString object) which fully specifies the function call.

Discusslon: This function is used fo “get” a string representation of the
function call once it has been huilt using the above constructor and
RddRaramYyy() functions. This function marshals or encodes the
arguments which have been specified, into the form of a character
string (refer to FunctionCall class responsibilities In the High Level
Design, WB 105, section 3.2.1.2.2). The string which is returned forms
the body of the message representing the function call that wm be sent
across the network
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The process of marshalling of the function cail into its string
representation proceeds as follows:

The number of parameters (paramCount) is written to the fnCallsty

string, followed by a block which describes the parameters: For each
parameter, the parameter fype and the start. of that (encoded)
parameter as an index into the string are specified. Following this block,
the actual encoded parameters are added to the string. Finally, the

- function ID is prepended to the string. The final format of the returned

string is as follows:

Function ID
Parameter Count
Parameter 1 Type
Start of Parameter 1
Prameter 2 'Epc
Start of Parameter 2

Paramctcr n Type
Start of Parameter n

Figui‘e WB113-1: Format of the String Refurned by the cet () Function
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[ Note: The following member functions are tused in decoding a function
calf on the receiving side. The functions in question are: the constructor
which takes a string representation of the function calf as a parameter; the
GetFID () function; and the GetParum<Yyy> () functions. J. '

FunetionCall {CString* fnecallstring)

Parameters Taken: A string -represenfation (in the form of a painter to
a cstring objecty which fully specifies the function call to be
constructed, in the format specified in Figure WB113-1.

Return Value: None. This is a constructor.

Discusslon: This constructor creates a FunctionCall object based
on the information contained in the supplied string. Once constructed,
the FunctionCall is in the same form as it was before it was
- marshalled on the sending side by the Get () function. This constructor
therefore performs exactly the reverse operation to the Get () function.

int Get¥ID()
Parameters Taken: None. _
Return Value: The function ID which identifies the function call.

Discussion: This function simply returns the function ID and is used
by the RecvMessage{) function of a process class in order to
determine which function is to be called.

vroid Gatl?aramInt:(int paramnum, int& param)

void GetParamString(int paramnum, chax* param)
void GetPsrambouble (int paramnum, double& paxam)
void GetParamChar (int paramnum, char param}
void GetParamRwReal (int paramnum, RwRedlé param)
void thraramUINT(:.nt paramnum, UINTE& parem}

Parameters Taken: The sequence number of the'parameter fo be
refrieved, and a reference to the variable of the designated type which
is to hold the retrieved parameter.

Return Value: Each of these functions returns (by means of the
reference parameter) the function call paramefer specified by
paramnum. The one excepfion is in the case of a sfring, where the
contents of a poinferto the string are updated by the function.

Discussion: These functions are used to refrieve the parameters for
the function call from the function call object. in each case, the
appropriate parameter is simply returned by means of the reference
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6.4 ¢lass InmputHandlerAgent

641 Data Members

None.

6.4.2 ‘Public Member Functions
InputHandlerdgent (int PID, EnvironmentManages¥* parent)

Parameters Taken: The Process ID fo assign to the Input Handler
agent being constructed and a poinfer to the focal Environment
Manager

Return Value: None, since this is & constructor,

Discussion: The constructor of the parent class aAgent is called,
passing through the supplied pargmeters unmodified. (Al of the dafa -
members that are to be initialised are inherited from the Agent class).

- virtual void OnKeyUp (UINT nChar, UINT nRepCnt,
UINT nFlags} :
wvirtual vo:t.d OnKeyDawn (UINT nChar, UINT nReant ‘
UINT nFlags}

virtual void OnBBnttonUp (UINT nFlags, CPoint point}
virtual woid OnRButtonDown (UINT nFlags, CPoint point}
virtual void OnLButtonUp (UINT nFlags, CPoint point}
virtual void OniButtonDown (UINT nFlags, CPeint point)
virtnal void OnMouseMovea (UINT nFla.ga, CPoint point)

Thes» InputHandlerAgent funct[ons contain no code at present,

* since the Input Handler is not required to receive messages from any
remote process, if suppott for feedback to the Input Handler becomes a
requirement, then these functions will need to be populated with code
that marshails the function arguments and sends the funciioncall over
the network via the Environment Manager to the associated remote
InputHandler process.

6.5 class Inputﬁandlar
8.5.1 Protected Data Members
CWnd#* inputDlg

A pointer to the window from which mouse input is to be received. This
is the window over which the user must move the mouse with one of
the mouse butions depressed in order to navigate. In the current
implementation of the system this refers to the main apyplication dialog
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6.5.2

box. The inputDlg pointer is primarily used for capiuring the mouse
movement, so that when a mouse butfon is pressed within the dialog
box, the mouse is fracked until the buiton Is released, regardless of
whether the mouse has moved outside the window.

RwBool. lookAround
RwBool movelround

Boolean flags indicating the navigation mode that is currently being
used. These two flags are mutually exciusive, since only one navigation
mode can be active at any particular moment. The ook around mode is
activated by the right mouse button, and allows for coritrol of viewpeint
orientation and lateral translation. The move around mode allows for
control of fateral and forward-backward translation. Refer to WB 107,
the User Reference Manual, for a more complete discussion of
navigation modes. Navigation mode 1 referred to in WB 107
corresponds to the move around mode, while havigation mode 2 is
synonymous with the look around made.

int previcusMousex
int previcusMousey

These variables are used to maintain the previous x and y vaiues of the
mouse, The increment by which the mousé has besn moved is able to

be calculated by comparisen of the current mouse position with these .

previously stored values. The values are updated when either ~f the
mouse buttons is depressed, and after sach detected mouse
mavement that occurs while a mouse button is down.

Public Member Functions

Inpptnandlar{int PID, EnvirommentManagexr* parent,
CWnd* dlg)

Parameters Taken: The Process ID to assign to the Input Handler
process being constructed, a pointer o the local Environment Manager,
and a pointer to the dialog box from which mouse input will be received.

Return Value: None, since this is a constructor.

Discusslon: The constructor of the parent class InputHandlex-
Agent is called, supplying the first two parameters unmodified. (The
InputHandlerAgent constructor in turn cails the constructor of the
base class, agent, in order to initialise the Inherited data members).
Thereafter, the inputblg data member is initialsed to point to the
window specified by dlg.
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wvoid RecvMessage (CString* message)

This function contains no code at present, since in the current
implementation, the Input Handler does not receive messages from
other system processes, If support for feedback to the Input Handler
becomes a requirement, then this function will need to be papulated
with code that decodes remotely originafing function calls received via
the Environment Manager, and [nvokes the appropriate Input-
Handler function.

virtual void OnKeyDown (UINT nChar, UINT nReant,

.1 80 P Key | Move observer increase view

UINT nFlags})

Parameters Taken: The virtual-key code, repeat count and flags which
characterise the keyboard key that has been pressed, as supplied to
the cWnd: :OnKeyDown {) function, which calls this function. The latter
two parameters are not used in the current implementation. '

Return Value: None.

Discusslon: This function reacts to various keys on the keyboard being
depressea, it is through this function that navigation wlthln the
application by means of the keyboard is facilitated.

The keys which are monitored and the mterpreted meaning in each
case are as fO]lOWS '

forward orientation pitch angle

186 Semicolen | Move observer decrease view
{;) Key backward orientation pitch engle

76 | L Key Move observer Move observer left
left

222 Apostrophe | Move observer Move observer right
(') Key right

17 Ctrl Key | nhavigation mode | N/A (Belng In this
change from Mode | mode Implles that the
1 {0 Mode 2 Ctrl key is already
being pressed)
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The status of the Chrl key is used to determine the currently selected
mode. of navigation. The two navigation modes which are provided are
described in tha User Reference Manual {WB 107). The default
navigation mode, corresponding to the Ctil key not being depressed, is
Mode 1. When the Cid key is depressed, the navigation mode is
changed to Mode 2.

viytual voild OnXeyUp (UINT nChaxr, UINT nRepCnt,
UINT nFlags)

Parameters Taken: The virtual-key code, repeat count and flags which

R characterise the keyboard key that has been released, as supplied to
the cwnd::OnKeyUp{) function, which calls this function. The latter
two parameters are lgnored in the current implementation,

-Return Value: None,

Discuesion: This function simply checks to see whether the “ctri®
key has been released {virtual key code=17), and changes the
navigation mode from Mode 2 to Mode 1 accordingly. (For an

- explanation of the two navigation modes which are used in the
program, refer to the User Reference Manuai, WB 107).

virtual void OnRButtonDown (UINT nFlags, CPoint point)

.Parameters Taken: A “flags" value indicating which keyboard function
keys were depressed, and the x and y coordinates of the mouse cursor,
at the moment when the right mouse button was depressed. The
coordinates are relative fo the upperdeft comer of the application
window. The first parameter is ighored in the current implementation,
since keyboard Input coupled with mouse movement is not used.

Return Value: None.

Discussion: This function simply changes the navigation mode to
Mode 2, or 'look around’ mode in response to the right mouse button
heing depressed. The mouse is capturad, so that mouse movement will
be fracked untl! the right button is released, regardless of whether the
mouse has moved outside the application window, Also, the
coordinates of the mouse pointer are stored, for use in determining
incremental mouse movements, as dese;ibed in Section 8.5.1 above,

virtual void OnRButtonUp (UINT nFlags, CPoint point)

Parameters Taken: A *flags’ value (ignored) and the x and y
coordinates of the mouse cursor (see OnRButtonbown above), at the
moment when the right mouse button was released.
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Return Value: None,

Discussion: When the right mouse button is releaéed, Mode 2 or ‘lock
around’ havigation as well as the capture of the mouse are cancelled.

virtual woid OnLButtonDown (ULNT nFlags, CPoint po.int]

Parameters Taken: A "flags” value and the x and y coordinates of the
mouse cursor (see OnRButtonDown above), at the moment when the
left mouse button was depressed. The first parameter is ignored in the
cumment implementatiors, sinze keyboard input coupled with mouse
moverment is not used.

Return Value: None.

‘Discussion: This function simply changes the navigation mode to

Mode 1, or ‘move around’ made in response to the left mouse button
being depressed. The mouse is once again capured and the
coordinates of the mouse pointer stored, as described for the
OnRButtonDown function above,

virtval wvoid OnI.Buttanp {UINT nFlags, CPoint poiht_i

Parameters Taken: A “flags’ value (ignored) and the x and vy
conrdinates of the mouse cursor (sée OnRButtonDown above), at the
moment when the left mouse button was reieased,

Return Value: None.

Discussion: When the left mouse button is released, Mode 1 or ‘move
around' navigation as weli as the capture of the mouse are cancelled.

virtual void OnMouseMove (UINT nFlags, CPoint peint)

Parameters Taken: A “flags" value (ignored) and ‘he new X and ¥
coordinates of the mouse cursor.

Return Value: None.

Discusslon: It is via this function that the program responds to
movement of the mouse. The semantics of the user's Interaction with
the system are determined by which of the motse buttons are currently
depressed, as indicated by which navigation mode is currsntly active,
This function simply returns if neither mouse button is depressed.

The function firstly determines the incremental movement of the mouse
since the last time the position of the mouse was recorded in the
previousMousex and previousMousey variables. Based on this
information and the currently active navigation mode, the amount of
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8.6

6.6.1

6.6.2

pan, filt and translation of the virtual camera that should result from the
mouse movement that has occurred are calculated. Two constants,
ROTATEINCREMENT and MOUSENSITIVITY influence the proportional
relationship between mouse movement and the resultant effect on the
camera. A pointer to the Presentation Generator {or Presentation
Generator Agent) is obtained from the Environment M4nager, and the
PanCamera{), TiltCamera{) and TranslateCamera () functions
are invoked, The new mouse coordinates are then once again stored
using the previousMousex and previousMousey variables,

class ObjectAgent
Data Members

None,

Public Member Functions

ObjectAgent (int PID, -E:iviromnenﬂ&anager* parent)

Parameters Taken: The Process ID to assign to the Object agent
~ being constructed and a pointer to the local Environment Manager

Return Value: None, since this is a constructor.

Discussion: The consfructor of the parent class Agent is calted,
passing through the supplied parameters unmodified. {All of the data
members that are to be initialised are inherited from the Agent class).

virtual void Scale(RwReal sx, RwReal sy, RwReal sz)
virtual void Rotate (RwReal =x, RwReal XY, RwReal rz,
BRwRaal angle)

Parameters Taken: The parameters taken by these functions are
identical fo those taken by the respective functions in the Object class.

Return Values: None.

Discussion: The semantics of the implementation of both of these
functions, as well as most of the functions of the other agent classes,
are very much the same, Therafore a prototypical example is provided
here, and referred to elsewhere in this document,

Each function simply marshals the supplied parameters into a string
representation of the function call using the FunctionCall class, and
then sends the message to the Environment Manager for delivery to
the counterpart remote process. A saiple of the code usad to do this is
provided below for the purposes of discussion
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void ObjectAgent::Scale |RwReal sx, RwReal sy, RwReal sz)
{ . .
FunctionCall fni{2); 7/ This is function 2
fn.AddParamBwReal (sx) ¢

fn.addParamRwRaal (sy);

£a, AddParamRwReal (52) ;

parentEM->SendMessage (nyPID, in.Get(), FALSE};
| P

In this example, the function call in question, scale(], has been

- assigned a function ID of 2, belng the second function defined for the

class Object/ObjectBgent. An “empty” FunctionCall object is
constructed, using the function ID as a parameter. Each of the supplied
parameters are then added to the FunctionCall using the AddParam
functions. In this particular case, ali three of the supplied parameters
are of the type RwReal, and therefore the AddParamRwReal function
is called three times consecutively. Finally, the Environment Manager
function SendMessage() i called, supplying it with the following
parameters: the process ID associated with this agent process; a string
representation of the function call obtained from the FunctionCall object
by means of the Get {) function; and a boolean fiag indicating whether
this Is an evant message (requiring guaranteed delivery). The intended
usage of the FunctionCall class is described in more detall in
Section 6.3. '

6.7 class Objeut

6.7.1 Protected Data Members

RwBool inUse

A boolean varlable used to control synchronisation and mutually
exclusive access to the object. This is required because more than one
thread may simultaneously attempt to access the object. To prevent
corruption of the object's data, only one thread at a time should be
allowed access. If the object is in use, the second thread must wait until
it becomes available before proceeding. This ﬂag indicates whether the
object is in use or hot,
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Public Member Functions

volid Scidle(RwReal sx, RwReal sy, RwReal sz)

Parameters Taken: Scale factors to be used for scaling of the object in
the x, y and z directions respectively. Each scale factor is a number
between 0 and 1, and indicates the fraction of the original size to which
the object is to be scaled. Note that for computational accuracy and to
avoid cumulative approximation errors, subsequent scaling operations
are performed with reference to the original object, and not a previously
scaled version. '

Return Value: None,

Discussion: This function performs any local scallng operation on the
object that is required and then sends a message to the Presentation
Generator to scale its representation of the object, through a call to the
ScaleObjRepresentation(} function. (in the current implement-
ation, the local scaling operation is has been provided for but omitted).
in order o sccess the Presentation Generator, the object obtaing a
pointet to it (or to its agent) from the Environment Manager.,

In order to control mutually exclusive access by more than one thread,
this function initially waits untif the inUse flag has a value of FALSE,
forcing thr  alling thread to wait until the object is exclusively available.
it then sers the flag to TRUE indicafing that the object is now in use -
(other threads wishing to access the object must now wait untl it
becomes available again). Finally, just before the function ends, the
flag is again set to FALSE, freeing up the object once more.

void Rotate (.aneal rx, RwReal ry, RwReal rz,

RwReal angle)

Parameters Takan: The x, y and z components of the axis of rotation,
and the angle of rotation. The first three parameters give the cartesian
componants of a vector representing the axis around which the rotation
is to occur. The units used are not significant, only the relative size of
each component. The angle of rotation must be specified in degrees.

Return Value: None.

Discusslon: This operation is very similar to the scaling operation
described in the immediately preceding section. As might be expecied
though, the RotateObjRepresentation{) function of the Presen-
tationGenerator class is called in this case. The approach adopted
with regard to thread safety and mutually exclusive access to the object
Is identical to that used in the former case.
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Object(int PID, EnvironmentManager* parent)

Parameters Taken: The Process ID to assign to the Object process
being constructed, and a pointer to the local Environment Manager.

Return Value: None, since this is a ¢on:  uctor.

Discussion: The constructor of the parent class Objectagent Is
called with the parameters unmo.t'.+ (The ObjectAgent constructor
in turn calls the constructor of f1.» wase class, Agent, in order to
initialise the inherited data members), The inUse flag is set to false,
indicating that the object process is initially not inuse. -

void RecvMassage (C8tring* messaga)

Pai-aiméters Taken: A string represéntation of a functioneall invoked by
a remote process, as delivered by the Environment Manager.

Ret‘urﬁ Value: None.

Dlscussion: The RecvMessag. ,, nction serves as the reniote
message handler of the Object process. It doss not confribute to the
application-oriented functionality of the class, ts function is to decode
any remotely originating messages that are received. from the
Environment Manager, and invoke the appropriate function accordingly.

In order to decode the received message, this function constructs a

FunctionCall object, supplying the message as a parameter, The

FunctionCall object then decodes the function 1D and the parameters, -
and mekes them available via the GetFID() and GetParamyyy({)

functions, as described in Section 6.3 above. After identifying the target

function that is to be called and obtaining the parameters, the

RecvMessage {} function simply invokes the function.

6.8 class PresentationGeneratorAgent

The semantics of the implementation of this class are the same as for the
class ObjectAgent, The particulars are slightly different, but the approach
adopted is identical. Therefore the reader Is referred to the discussion
provided i: Section 6.6.

whb113ww.103.doc

Version 1.03 § Septombar 1984 Paga 33



Doc. No. WB 113 Low Level Software Design “ OOVE

6.9

6.9.1

class PresentationGenarator

Protected Data Members

RwBool inUse

A boolean variable used to confrol synchronisation and mutually
exclusive access to the PresentationGenerator. This is required
because more than one thread may simultaneously have access to an
instance of this class. To prevent corruption of data, access by only one
‘thread at a time should be permiitted. If the PresentationGenerator
is in use, the second thread must wait until it becomes available before
proceeding. This flag therefore indicates whether the object is in use or
not.

CHnd* cutputDlg

- A pointer to the window fo which rendered output will be sent. In the
current implementation this points to the maln application dialog box.

- This data member is initialised upon construction of the
PresentationGenerator object by the Environment Manager.

RwCamera* camera

T.ns data member is a pointer to the RenderWare data type RwCamera,
and represents the virtual "camera” which Is used to render the current
frame (see the function PresentationGenerator::DrawCamera—
View () below). :

RwScene* scene

This data member is a pointer to the RenderWare data fype RwScene,
and represents the “scene” which is to be rendered, There is exactly
one scene associated with each PzesentationGenerator object. If
is this scene which constitutes the geometric space in which the user
interacts with the program. The scene contains a number of lights and
a number of clumps {geometric “renderable” objects) both of which are
discussed below.

RwLight* lights[2]

This data member is an array of pointers to the RenderWare data type
Rwhight. The elements of this array point to ...e light source objects
which RenderWare uses to calculate the Hllumination of the scene. In
the current implementation, there are two light sources in ths scene.
The first light s a point light source, which provides ambie; 4 fllumination
and the second source is a directional light source which spacifically
. illuminates the objects of interest. These light objecis are instantiated
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within the scope of the PresentationGenerator constructof,
discussed in Section 6.9.2.

{ Note: the following three dala members are of the RenderWare datatype
RwClump, which is defined in the RenderWare AP! Reference
[Renderware AFI, 1995] as “a collection of polygons and vertices”. Each
software objfect of this type represents a geomelric object in the rendered
scane. A scene rendered by RendeiWare consists of a number of such
clumps, ilfuminated by one or more fight sources such as those described -
above, |

- RwClump* map

- This RenderWare clump represents the “map” on which the other

cbjedts reside. In the current implementation, the map is not an active
object—it does not participate in the simulation, nor are any of its
parameters modified during runtime, It may therefore be regarded as
meraly providing a “backdrop” for displaying the other objects of
interest. it should, however, be noted that the map does not exist purely
for aesthetic reasons. Pausch [1991] indicates the importance in VR
systems of displaying a ground plane which provides a frame of
reference for the other objects which are being displayed. The
presence of a ground plane heips the user to arient his world view
appropriately, coniribuiing to the meaningful representatlon of the
remainder of the scene.

ftwclunnp* clumps(]

The clumps in this array represent the objects of interest that are
displayed on the map. Each clump corresponds to ane of the objects
on the map. These are active objects in that they respond to input from
the user and from the simulation.

RwClump* origclumpsi]

This array initially mirrors the above array. ifs pv nose is to maintain a
record of the original state of each of the clumps in the scene. For
reasons of preserving accuracy, each subsequgnt state of a clump is
calculater] using the criginal state as a reference point. This avoids the
cumulative approximation error assoclated with successively computing
new staies from slightly inaccurate previous states.
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Public Member Functions

PrezaentationGensrator {int PID,

EnvironmentManager¥* parent,
CWnd* d1g)

Parameters Taken: The process ID to assign to the Presentation-

. Generator process being constructed, a pointer to the local

Environment Manager, and a pointer to the dlalog box to which the
rendered output will be directed.

Return Value: None. This is & constructor.

Discussion: The constructor of the parent class Presentation-
GeneratorAgent is called, supplying the first two parameters
unmodified. (The PresentaticnGeneratorhAgent constructor in tum
calls the constructor of the base class, aAgent, in order fo initialise the
inherited data members). The outputblg data member is initialised fo
point to the window specified by dlg.

Thereafter, the consfructor performs a number of rendering-relaied
initialisation tasks, The RenderWare virtual camera is created, and its
initial locafion, as well as other aspects such as lens characteristics are
specified by means of the appropriate RenderWare AP| calls, The
scene ie created, and the light sources are defined. Finally, the
necassary clump objects are created and placed in their appropriate
initial locations in the scene.

~BregentationGenerator {)

Parameters Taken: None. This is a destructor,

‘Return Value: None, This is a destructor,

Discusslon: The PresentationGenerator destructor deallocates
the memory that was allocated by the constructor during instantiation.
In particular, this involves deletmg the clump, light and scene objects
that were created.

void RecvMessage (CString* message)

The remote message handlers of each of the process classes are all
implemented in essentially the same manner. Therefore, for these
details the reader is referred fo the discussion of the Object: :Recv-
Messaage (} function in Section 6.7.2.
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void DrawCameraView ()

Parameters Takan: None.
Return Value: Nonhe.

Discussion: This function causes the Presentation Generator to re-
render the view. The rendered frame rate is thus directly detarmined by
how often this function is executed, The function firstly obtains the
window handle of the output window and creates a device context for
that window. RenderWare AP calls are than used to initiate an update
of the virtual camera, and then render the scene to the output window.
This function is called after transformations have been made o the
objects in the scene and the camera by calls fo the
TranslateCamera (), PanCamera{), TiltCamera (}, RotateObj-
Representaticn(} and ScaleCbiRepresentation () funclions.

virtual void TranslateCamera{BwReal x, RwReal y,

RwReal z}

Parameters Taken: The x, y and z values by which the camera is to be -

transiated.
Return Value: None.

Discussion: This function simply translates the camera by the
specified amounts by means of the RenderWare API function
RwWVCMoveCamera {), and then calls the DrawCameraview(} function
to update the display.

virtual void PanCamera{RwReal angle)

Paramefers Taken: Ths angle of pan in degrees.
Return Value: None.

Discussion: This function simply pans the camera fhrough the
specified angle by means of the RenderWare APl function
RwPanCamera{), and then calls the DrawCameraview(} function fo
updaie the display.

virtual veoid TiltCamera (RwReal angle)

Parameters Taken: The anglé of filt in degrees.
Return Value: None.

Discussion: This function simply tilts the camera by the speuified
angle. A rotation matrix is created based on the supplied angle, and is
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then applied to the camera by means of the RenderWare AP function
RwTransformCamera{). The DrawCameraView{) function is then
called to update the display.

virtual void OnPaint(}

Parametaers Taken: None.
Return Value: None.

Discusslon: The Presentatio: Generator is responsible for dealing with
the onPaint{) function oi the oulput dialog box. As a result, the
CWnd: :OnPaint () function is set up to simply redirect any calls that it
receives fo this function. The current implementation of this function

_involves simply re-rendering the scene through a call o Presen- -

tationGenerator::drawCameraViaw(}.

virtual void OnSige (UVINT nType, int ax,.int oy}

Parameters Taken: The type of resize operation that has been
performed and the new client area of the output window.

Return Value: None.

Discussion: The Presentation Generator is responsibi for dealing with
the onSize(} function of the output dialog box. As a resulf, the
CWnd::0nSize () function is set up to simply redirect any calls that it
receives to this function. The implementation of this function involves
resetting the RenderWare camera viewport and lens characteristics to
reflect the new oufput window parameters, and then re-rendering the
scene through a call to PresentationGenerator:: JrawCamera-
View()

virtual void RotateObjRepresentation (int ob3jID,

RwReal rx,
RwReal ry,
RwReal rz,
RwReal angle)

Parameters Taken: A unique ID identifying which object representation
is to be rofated, the x, ¥ and z components of the axis of rotation, and
the angle of rotation in degress. In the current implementation, the
objID parameter is the process ID of the object process that calls this
function.

Return Value: None.

Discussion: A rotation matrix is created rebresenting the rotation
operation that is to be performed. This matrix is then applie.! to the
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6.10

- 8.41
8.11.1

clump representing the specified object. Finally, the view is re-rendered
by calling PresentationGenerator: : PrawCameraView(),

virtual void ScaleCbjRepresentaticn({int ob3jID,

RwRaal sx,
RwReal sy,
RwReal sz}

Parameters Taken: A unigue ID identifying which object representation -
is to be scaled, and the %, y and z direction scale factors to be used. In -
the current implementation, the objID parameter is the process ID of
the objact process that calls this function.

Retun Value: None.

Discussion: The clump representing the specified object is firstly
reverted back lo Hs original dimensions, as recorded in the
origalunps array. A transformation matrix is built representing the
scaling operation that Is to be performed. This matrix is then applied to
the clump. Finally, the view is re-rendered by calling Presentation-

‘Generator: :DrawCameraView().

rlass SimulationAgent

The semantics of the implementation of this class are the same as for the
class ObjectAgent. The particulars are slightly different, but the approach
adopted is identfcal. Therefore the reader is referred fo the discussion
provided in Section 6.6. :

class Simulation

Private Data Members

int valuasCount

The number of simulation values contained in the simulate.cfg
conflyuration file. This value appeais as the first entry in the
sirulate.cfg file, and Indicates how many simulation steps are
represented by the data contained In the rest of the file. This value is
read in from the file and stored in this data member.

RwReal¥* values

An array of floating point numbers which is used to hold the simulation
valjues read in from the simulate.cfy confiyuration file. The size of
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6.11.2

this array is determined dynamically; memory is allocated according fo
th.e value of the valuesCount data member discussed above.

RwBool threadflag

A boolean value indicating whether the simulation thread is currently

_running. When the simulation thread is staried, threadflag is set to

TRUE. The thread continues fo run as long as the value of
threadflagq remains true, This variable can therefore be used to
initiate a shutdown of the thread by setting it to FaLSE. (This is done
by the Terminate function as discussed below). This variable is set -
back to TRUE by the thread when termination of the thread has heen
completed. '

Public Member Functions

Simulation{int PID, EnvironmentManager* parent)

Parameters Taken: the process |D fo assign fo the Simulation process

- being constructed, and a pointer to the local Environment Manager.

-Retura Value: None, since thisis a constructor.

Discussion: The constructor of the parent class SimulationAgentis
calied with the parameters unmodified. (The SimulationAgent
constructor in turn calls the constructor of the base class, Agent, in.
onder to initialise the inherited data members). Thereafter, the
constructor sets the threadflag flag, and starts up the simulation
thread, by invoking the Simulation::Simulate () member function
{documented below), which is the controlling function for the simulation
thread.

void Simulate(}

Parameters Taken: None.
Return Value: None.

Discussion: This member function is the controfiing function for the
simulation thread. :

The thread initially opens the simulate.cfg configuration file, from
which the valuesCount data member is read. The values array is
initialised to the correct size to house the simulation values, and these
vaiues are read in from the simulate.cfqg file. '

The thread then waits for an initial time period before beginning the
simulation, to ensure that the other local processes, and agents for
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remote processes have been instantiated by the Environment Manager.
It is important that all other /Jocal processes {including agent processes)
exist when the simulation begins—messages sent fo other local
processes by the thread will cause unpredictable behaviour if those
processes do not yet exist. The simulation need not wait for all remote
processes o be instantiated, though. As long as all local agent
processes have been instantiated, and the local and remote Networik
processes are running', messages sent to a remote application
process will be queued by the remote network process unttl the target
process is ready to receive them.

The aclual simulation takes the form of an “infinite” loop, which
proceeds until the Environment Manager initiates shutdown of the
thread by calling the Terminate function. The loop repetitively sends
messages to the objects in the geometric rmodel, Instrusting them to
scale to values commensurate with those confained in the values
arrey, which represents the sampled simulation output varation over
time. After each cycle of the loop, the simulation introdt ves a delay
- which determines the sampling interval between successive simulation
steps. In a full scale system, part of this delay would be attributable to -
the computation necessary to calculate the next simulation values,

void. Terminate {)
Parameters Taken: None.
Return Value: None.

Discussion: This member function is called fo initiate shutdown of the
simulation thread. The threadflag variable (discussed above) Is
‘used to signal to the thread that it should terminate. The thread
controlling function continuously moriitors this flag to determine whether
it should shut down. To end the thread, therefore, this function simply
sets the flag to FALSE. It then walts for the thread to et the flag back to
TRUE (indicating that the thread has been successfully shut down)
before refurning.

void RecvMeszsage (C8iring* message)

The remote message handlers of each of the process classes are all
implemented in essentially the same manner. Therefore, for these

1 This Is atways the case upon instentlatlon of the Simulation process—refer to the
discussions regarding the startup mechanism of the Envirenment Manager in Section
6.12.2,
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6.12

- 6121

detalls the reader is referred to the discussion of the obj ect: :Recv-
Message () function in Section 6.7.2.

- ¢lass EnvirommentManager

Private Data Members

CWnd* parentDlg

This data member is used to maintain a pointer to the window in which
the application runs. This pointer is needed by both the Input Handler
and the Presentation Generator: it specifies, respectively, the window
from which input is to be received, and the window to which oufput
should be directed. The Environment Manager maintains this pointer
since it is the EM's responsibility to instantiate the InputHandler and
PresentationGenerator objects. As depicted in Figure WB113-2,
this data member s suppiied by the COoveDlg object upon.
instantiation of the EM, and the respective pointers in the put Handler

and Presentation Generator are in turn initialised when these

processes are instantiated by the EM.

InputH idien
CWnd*

T

sl

CWnd* | PrasentationGienerator

' cWnd* |
COaveDly

EnvironmentMansger

¥

Figure WB113-2: Inifialisation of cwna* Data Members Upon
Instantiation

CNetwork* natwork

A pointer to the focal network communications layer object. There
exists exactly one CNetwork object on each machine, and the
Environment Manager maintains a record of its identity by means of this
data member. It is the responsibillty of the Environment Manager to
instantiate the network, and destroy it upon termination of the program.

int machineCount

The number of machines in the current hardware configuration of the
system. In the current implementation, this value is obtained from the
addzess.cfg configuration file. For details of the format of this file,
refer to the User Referance Manual (WB 107). -
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int myMachineNo

An index into the list of machine addresses indicating which machine is
the local machine. In the current implementation of the system, this
value is obtained from the address.cfg configuration file, which
raflects the hardware configuration that is being used. [t is by means of
this * ta member and the information contained in the process.cfy
configuration file that process responsibiliies are resolved by the
Environment Manager. - '

int procesasCount

The total number of application processes comprising the system. This
value represents the number of provesses and agents that are to be
instantiated by the Envi.onment Manager on each machine, and
includes Input Handler, Presentation Generator, Object and Simulation
processes/agents. In the current implementation of the system, this
value is specified in the pxacess.cfg configuration file, which
specifies the high level process-to-processor allocation that is being
used, : :

BwBool localNwExists

A boolean vaiue indicating whether the local network object has been
instantiated and the machine address fable initialised. This flag is set

- by the Environmernit Manager constructor only once the nacessary local

network setup has been performed, This includes reading. and

interpreting the address configuration file, instantiating the network,
updating the network object's ac'dress table and creating an “I'm alive™
message that will be sent out to all other riodes. (Refer to the
discussion of the Environment Manager constructor in Section 6.12.2
below).. '

RwBool networkExiats
RwBool networkEnowsWeExist

Boolean flags used {o indicate respectively whether all remote nodes
are up and running, and whether ali remote nodes are aware that the
local node is up and running.

Both flags are inftially set to FALSE. The networkExists ﬁag is sef fo
TRUE once initialisation messages have been received from all other

_machines, The networkKnowsWeExist flag Is set to TRUE once

ackhowledgements of the initlalisation messages sent from the local
node have been received from all other machines.
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RwBool localProcessasExist

A boolean flag used by the EM constructor fo signal fo fhe
HandleMessages thread that all local processes have been
construcied, and that incoming messages destined for local processes
can now be delivered.

RwBool fthreadflag

A boolean flag used to initiate graceful shutdown of the

' HandleMessages thread. The HandleMessages thread has been
designed in such a way that i runs only while the value of this flag is
True. Whun the flag is set to False, the thread terminates its
processing and resets the flag to True just before it & s down. In
order to initiate shutdown of the thread, therefore, the Environment
Manager simply sets this flag to False, and then waits for it {0 be set

- back to True by the thread, indicating that the thread has shut down
properly :

Network!nitstxuct*.nﬁExistsRssponses

A pointer to the beginning of a dynamically allocated array of
NetworkInitStruect structuics that is used to record the existence
status of each of the remote nodes during system initialisation. Two
pieces of information are recorded for mach node: whether an
initialisation message has been received from that node, and whether.
an acknowiedgement of a locally generated initialisation message has
baen received. For more datails, refer to Section 4.1,

ProcessInitStruct* processResponsibilitylist

A pointer to the beginning of a dynamically allocated array of
ProcessInitStruct structurés which forms a process-to-processor
allocation table in which the Environment Manager stores information
about each of the processes that make up the system. The Information
that is tecorded for each process includes the process ID, process type,
responsible node, and a pointer to the process if the process resides on
the local machine (which is used for delivering remotely originating
messages). For more detalls, refer to Section 4.2,

InputhList inputhlist
Presgenbist presgenList
Objectlist objecthist
SimList simList

Linked lists of pointers to each different type of application process.
The Environment Manager consfructor populates these linked lists
when it instantiates the various processes and agents. Each entry
contains elther a pointer o an agent process or a pointer to the process
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itself. This polymorphic behaviour is made possible by the fact that
each process class is derived from its respective agent class. The EM
subsequently uses these lists to provide processes with a means ior
obtaining access to other processes with which they wish to
communicate, by means of the CaptureYyylList() and
ReleaseYyyList () ™t1ctions that are described below.

6.12.2 Public Member Functions

InputhList* CaptureInputhLis=st{)
PresgenList* CapturePresgepList()
Objectliist®* CaptureObjeatList{)
SimbList* CaptureSimList()

void ReleaseInputhList ()
void ReleasePresgenlist ()
vroid RaleasaObjectList()
void ReleaseSimList ()

as well as

RwBool inputhInUse
RwBool p::asgenInt‘!se
RwBool cobjectInUse
RwBool simInUse

data members

These eight functions and four data r.embers are used to Lontrol
mutually exclusive accese to the various processes that are managed
by the EM. At any given moment in time, the Environment Manager

. grants access to a particular list of processes o one and only one client
- process. In order fo gain access fo another process, the requesting

process must capture the list of (pointers to) target processes, and
release this list once it is finished. While captured, the list will not be
made available to any other requesting process; subsequent processes
must walt until the list is released before they will be able to capture it.

Guaranteeing mutually exclusive access is very importarn: due to the
multi-threaded nature of the program. As was discussed in Section 3.2
above, simultaneous access to the same data by more than one thread
can lead to data corruption and unpredictable behaviour.

The list of pointers returned by the capture function should in each case
only be assumed valid for the perod during which the list remains
captured. As soon as the release function is called, these pointers
should be regarded as irsecure and should not be used. These
pointers should not be stored for later use. Whenever subsequent
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access 0 a process is required, a new pointer must be obtained by
caliing the appropriate capture tunction. This will ensure mutually
exclusive access, as well as allowing for the possidility of dynamic
process-to-processor realiocation by the EM.

void HandlaMessages ()

The HandleMessages{} function serves as the Environment
Manager's maln message-handling thread. The primary responsibilities

- of this thread are to poll for messages from the netwark, and react to

received messages in the appropriate manner, Messages received by
the EandleMessages thread are dealt with differently depending on
their type. The possibie message types that exist in the current
implementation of the system are as follows:

'Message Type -Descnphon

0 State Update Message _
1 Event Message
2 Initialisation Message

Only the first two message iypes (state updates and events) are
relevant to the high level application processes. Messages of the third
type (initialisation messages, aiso refened to as EM messages) are
passed between the Environment Managers on each machine during
initialisation of the system, as described below. Additional message
types may be added at a [ater stage to handle other forms of
communication between peer Enwronment Managers or messages that
originate from the network.

The HandleMessages thread operates i one of three modes. In order
{o determine which mode it is currenily running in, the thread monitors
two flags—localNwExists and localProcessesExist—both of
which are set by the Environment Manager constructor.

The first mode of operation Is before inifialisation of the local network
has been completed. in this state, the thread simply waits for the local
network setup to be completad. The thread cannot poll for messages
from the network unfil it is sure that the network object is ready. The EM
constructor signals to the thread when this is the case by setting the
localNwkxists flag, (The handle messages thread is intentionally
started up by the constructor prior to the local network being set up, so
that it can immediately begin receiving msssages the moment it is
given the signal to do o). .
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The second mode of operation is when initialisation messages
{message type 2) are being transferred across the network. In this
mode, only initialisation messages are handled. Any other messages
which arrive while the thread is in this mode are discarded, since the
local target processes for which they are destined have not yet been
instantiated. Initialisation messages are either axistence announcement
messages or acknowledgement messages. The EM uses the
nwExistsResponses response iable fo keep track of initialisation
messages that have been rocelved. Only when a full complement of
responses has been received (ail other machines have announced their
presence and acknowledged) will the constructor instantiate the local
processes and signal the thread to move into the third mode of
operation.

The third mode of op- ration constitutes the system's normal running
mode, and comes infa effect after system-wide initlalisation has been
completed. In this mode, the thread simply handles incoming state
update and event messages (message types 0 and 1) by passing them
to the EM's RecvMessage () function,

A flowchart of the workings of the HandléMessages thread is provided

‘in Figure WB113-3. The combination of the outcomes of the two

decision hoxes fitied "Local Network Exists?" and “Still Performing
Network Initialisation?” determines which of the three modes the thread
Is running in.
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Figurse WB113-3: HandleMessages Thread Flowchart
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EnvironmentManager (Ciind* dig)

The Environment Manager constructor performs all of the necessary
initialisation upon startup of the system, inciuding synchronisation
between the various components of the system residing on different
machines.

The constructor's initial tasks are to apen the RenderWars Library, start
up the HandleMessages thread, read the address configuration file,
and instantiate the network object on the local machine.

~ Once the network layer has been sef up, the EM begins broadeasting:

“I'm alive” messages, and waits for acknowledgements: of these
messages from each remote mashine. At the same time, the EM waits
for “I'm alive” messagas from each of the remota machines and
acknowledges them as they are received. Each acknowiedgement or
“I'm alive” that is received is recorded in the nwExistsResponses
array. :

Only when the netwoark layer 6n each of the remote machines is known
to exist and the network layer on the local machine is known to be
known by all other machines to exist, does the EM cease broadcasting
“I'm alive” messages, and continue with the instantiation of processes,
Further broadcasts are unnecessary once acknowledgement has been
received from each remote machine; and once it is known that all
remote network layers are in place, the local processes can be started
with impunity, since any messages sent {0 a remofe machine will be
queuad on that remote machine until the destination process has been
instantiated.

In order to instantiate the necessary processes, the EM reads the
process configuration file, and from it populates the processRespon-
sibilityList array. it then determines for each process whether the '
process itself or an agent for that process should be instantiated on the
local machine, ahd performs the appropriate instantiation, recording a
pointer to the newly instantiated object in the linked list for that type of
process. {For example, if the instantiated object was a Simulation
process, a pointer to it would be added {o the simbist linked iist). if
the process itself resides on the local machine, ther the process-
ResponsibilityList array is also updated to contain a pointer fo
the process, This pointer allows the RecvMessage () function fo
deliver messages that have been received fron a remote machine to
the correct process.

A Tlowchart of the activities of the Environment Manager Constructor is
provided in Figure WB113-4.
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void SendMessage(int PID,

CcString* message,
BOOL isevant)

Parameters Taken: The process ID of the target process that the
message is belng sent to, a string representation of the message that is
to be sent, and a beolean flag indicating whether this is a state update
or an event message {as these message types are handled differently
by the network).

Return Valueﬁ None.

Discussion: This function is called by any agent process tnat wishes to
send a message to its corresponding authentic process on a remote
machine, The salling agent process supplies its own process 1D, which
corresponds ty that of the remote authentic process, The

‘SendMessage:} function prepends the process ID to the message,

performs a lookup of the process ID in its process-to-processor
allocation table to determine on which node the target process resides,
and then sends the message by calling the Network::Send-
Message () function, specifying the destination node ahd the message
type.

void RecvMessage {C8tring* message, int messagetype)

Parameters Taken: A string representation of the remotely originating
message that has been received, and the message type. The message
type indicates whether this is an event message or a state update.
message,

Return Value: None.

Discussion: This function is invoked each time a message destined for
one of the application processes is received by the Environment
Managers HandleMessages thread. It is the responsibility of this
function to deliver the message to the remote message handler of the
appropriate process. The function strips the process ID (flist two
characters) off the message and uses it fo perform a lookup In the
processResponsibilityList ! * abtain a pointer to the destination
process, it then simply calls the k. .vMessage() function of that
process, _
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6.13
6.13.1

6.13.2

~EnvironmentManager ()
Parametars Taken: None. This is a destructor.
Return Value: None. This is a destructor.

Discussion: The EnvironmentManager desiructor performs the
necessary shutdown of all of the system processes for which the EMis
responsible. It firstly ends the HandleMessages thread, and destroys
the network layer object (ihis also terminates the network poliing
thread). It then instructs any Simulation processes that are running to
end their simulation threads. Once all of the warker threads have been
- shut down in this way, the destructor destroys all of the procass and
agent objects that were ciaated during system startup. its final tasks
are to close the RenderWare library and cleanup memory alloca*ed fo
local Environment Manager data members,

class cDebuggei_
Private Data Members
CDabugDlg* debugdlg

A pointer to the dialog box to which debug output will be directed. The
output dialog box is an instance of the class Chebugblg. -

inUse

A fiag used to ensure mutually exclusive access to the CDebugger
object by different threads.

Public Member Functions
Cdebuggex {)

The constructor inltialises the intse data member to FALSE indicating
that {ne debugger is Initially not in use. and instantlates and initlaiises
the debug dialog box,

~Cdebugges {)
The destructor simply initiates destruction of the debug dialog box.
void Write()

This function provides the functionality which allows a message to be
~ writien to the output dialog box. It places the specified message in the
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OOVE
-message queue of the CDebuyDlyg dialog box. using the
CWnd‘ PostMessage () function.
6.14 " class CDebugblg
8141 Summary of Functionality
The cDebugDlg class is a dialog box class derived from the MFC
Cbialog class, and represents the dialog box to which debug Information
is written by the CDebugger class.
6.15 class Timer
6.15.1  Private Data Members
TimerLogEntry logl] _
This data member is used to store the log of events that is generated
by calls to the Log(} member function of the Timer class. It comprises
an array of TimerLogEntry structures, each of which holds a
-timestamp and an associated event description. (The TimerlogEntry
structure was described in Section 4.4).
int 1og¢ou.nt '
The logCount variable keeps track of the number of messages that
have been logged. It is primarily used as an index into the Log array.
CString logfilename .
A string conteining the name of the file to which the log will be written
when the Timer object is destructed.
6152  Public Member Functions

Timer (é’ha:* filenama)

The constuctor simply initiallses the log cbunt to zero and sets the
logfile name to the vaiue specified as a parameter to the constructor,

void Log{char* eventDescription)

The Log () function is «sed to log an event, The parameter taken is a
null terminated text string which describes the event being logged. The
current time, along with the supplied description, are simply added to
the Log array, and the log ¢ount is incremented. There Is an upper limit
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6.16

8.16.1

6.17

8.17.1

on the number of messages that may be logged by each individual
Instance of the Timer class. After this limit is reached, subsequent
messages are discarded,

- ~Timex ()

In order to limit the impact that the use of the Timer class has on
performance during program execution (which could influence the
measured results), the log of events is stored in memory (by means of
‘the Log array), and only written to the specified fogfile upon destruction
of the timer object. The destructor simply writes to file the timestamp

- and event description for each item that has been logged, preceded by
some header information, including the date and time that the logfile
was created.

class CMessage

Interface Member Functions

" None. This class is used internally by the CNetwork class, and theréfore

does hot have any direct interface with the rest of the system,

class CNetwork

Interface Member Functions
int m AddressTable.Add{CString hostnama)

This is really a call to the CArray: :Add(} member function, and is
used to add a node to the network object's address table. The
hostname that is to be added Is supplied as a string. The refurmn value is
the index of the added element.

CHetwork (int nPort)

This is the consiructor for the CNetwork olass. it takes as its only
parameter the network port number that is to be used. The current
version of the software communicates exclusively on port 6409, and
this is the value specified by the Environment Manager upon
instantiation of the network, '

void SendMessage (CString *message, int messagetype,
int destnode)

This function is used to send a message to a remote node via the
network, The parameters taken are a string representation of the
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6.16

6.18.1

‘message, the message type as an integer, and the destination node as
an index into the network address table. If the message type is setto 1,
the network treats the message as critical and will provide guaranteed
delivety. Other message fypes are delivered using a "best effort”
approach. '

int m_gqueuelncoming.GetCount ()

This is really a cali to the cList::uetCount (} member functlon. and
is used to determine the number of messages in the incoming network
queue. The return value is simply the number of messages that are
currently available in the queue. A retum value of O indicates that the
queue is empty. '

void RecovMessage {CString *meééage, int *meissa.g‘etypei

This function is used to retrieve a message from the network. It should
only be called once it has been established that there is in fact a
message in the queue (by means of a call to the m_gueue-
Incoming.GetCount (}function), The reference parameters that are
required to be passed are a pointer to the string object that is to hold
the refrieverl message, and a pointer to an integer that will hold the
message type.

~CNetwork {)

The destructor is called when the networlc objecf is to be destroyed. It
shuts down the network polling thread and performs the necessary
cleanup of any memory that has been aliocated.

class GenList
Interface Member Functions
GenList{}
The Genl.ist constructor simply constructs an emply linked list.
int AppendElement(T& new_elemeut)

The AppendElement () function Is used to add an element to the
finked list. The newelement parameter that is supplied must be of the
type (7) that was specified when the parameterized class was
instantiated. In addition, if the element is not of scalar type or a
structure, then it must provide a copy constructor.
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6.19

8.19.1

6.20-
6.20.1

void GoToStart ()

This function resets the current pointer in the linked list to the start of
the list, so that the niext element returned by the GetElement{)
function will be the first element in the list.

unsigned GatList8ize ()

This function returns the number of elements that are currently in the
linked fist as an unsigned integer.

T& GatElemear

This function returs a reference to the element pointed to by the
current pointer.

dnt NextElemenf.(}

This function moves the current polnter to the next element in the list. If

there are no mora elements in the Ilnked hst then the function returns

an error code of -1. :
~GanList {}

The destructor simply deletes all of the elements in the finked fist.

class CaboutDly
Summary of Functionality
The éAboutDlg class is a dialog box class derived from the MFC

CDialog class, and represents the dialog box that is displayed when the
Help ->about menu option is chosen,

class Cdovel\pp
Sumrnary of Functionality
This class provides the initial entry point Tor the program. It performs a

number of general initialisation fasks and then instanliates the main
COoveDlg dialog box object. '
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6.21.1

OOVE
6.21 cléss. COoveDlg
Summiary of Functionality

The CooveDlg class is a dialog box class derived from the MFC cbialog
class, and represents the main program dialog box. This class handles all
windows messzges that are generated pertaining to the main dialog box.
This includes menu option selection, mouse events, and keyboard input,
as well as the onPaint and Onsize functions. Mouse and keyboard input
that is received is simply redirected to the appropriate member functions of

the InputHandler class that have been described in Section 6.5 above.

-The onBaint and OnS8ize functions are likewise redirected to the

respectwe member functions of the PresentationGenerator class, as
described in Sectlon B.9.
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1.2

1.3
1.3.1

1.4

Scope

Introduction
The OOVE Visualisation Tool is a prototype application that has bezn

developed to demonstrate the concepts that are relevant to the project,

The acronym OOVE stands for Object Oriented Virtual Environment. The
envisioned full scale application would provide the user with an intuitive
means for visualising an electric power network through the use of an
interactive Virtual Reality style user interface. The user would be able to
navigate freely through a three dimensional representation of a model of
the network, inspect its parameiers and interact with the network in
various ways. .

The prototype toal provides much of this functionality, albsif in a simplified
form. The system has been designed to run distributed across a group of
low-cost PCs connected to an Ethernet network, making use of distributed
processing to improve performance.

The prototype is intended to give the user a feel for the potential
capabilities of a full scale Implementation, and provide proof of concept by
practically demonstrating the key techn¢:  es and software models that
underiie the system’s implemertation.

Purpose

The purpose of this documen is to provide the user with insight info the
functionality provided by the OOVE Visualisation Tool. It provides a user

~level view of the system’s operation, facilitating the successful setup and

running of the program and the user's interaction with it. It should be seen
as an operatit nal refersnce manual for the prototyps application,

Terminology

Abbreviations
DNS = Domain Name Server

Audience

The intended audience for this document inciudes anyone who wishes to
run the OOVE application—specifically, the product developer, the project
manager, individuals involved with subsequent development of the
system, the external examiner, and other interested parties,
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1.5

1.5.4

152

1.6

Applicable Documents

Standards _
a. SEAL QMS Document Creation Template, QS 002, Revision 0.02, 3
October 1994 '

b. SEAL GMS Document Layout, Presentation and Typesetting Guide, QS
004, Revision 1.00, 3 October 1994

References

a. References and Bibliography, WB 114

“Assumptions

It is assumed that the user has a reasonable knowledge of the Windows

“operating system, and therefore the exact mechanics of editing files,

running programs, and so on will not be descrlbed.

It Is assumed that from a netwarking perspective, the user is famillar with
such concepts as host names, |IP addresses and Domain Name Server
{DNS) name resolution, It is further regarded as outside the scope of this
document to desaribe the process of configuring the operating system for
ninning the program. This includes, for example, the installation of the
TCP/IP protocol stack. For information on these topics, the user is referred
to the refevant literature provided by the vendor.

Page 2
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2 Hardware and Software Requirements
The following hardware and software is required to run the "OVE
Visualisation Tool
2.1 Hardware Requirements
' The hardware requirements for running the system consist - of the
following:
1. A rumber of workstations, each with the following mimmum _
conﬁguratlon '
« Intel or equivalent 80486 DX2-66 PC minimum (Pentium class PCs
are recommended)
o Atleast 16 MB RAM
s At least VGA resolutlon display adapter and moniior with at least
258 colours,
o Mouse
s Ethernet Network Adapter
The number of PCs used can be anywhere from one to the number of
processes that will be running. A dedicated machine can be used for
each of the processes, or several processes can be housed on a
single machine.
2. An ethernet network
2.2 Software Requirements

The system requires the following software to be instafied

1. Microsoft Windows 95 or Windows NT Workstation 4.0
2, AWinsock compliant TCP-IP network stack

3. The OOVE program, resaurce and configuration files, as follows:

oove.exe address. cfg
map . twx process. cfg
jhb. rux ' simulate.cfyg

wh107ww,10".dog Verslon 1.1 8 Septembar 1998
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QOVE

4. RenderWare Version 2.0 or higher

or

~ The following Dynamic Linked Library (DLL) ﬁles installed in the
Windows\Systen directory:

rwdlfaz0.dil

rwdlf8a20.dll-

rwl3ds2D.dll

rwdl6b20.d1l

rwdl8b20.d11

| rwldxf20.d11

rwdl6c20.dll

rwdl8ec20.d11

rwl2d.all

rwdl 6d20.d11

rwd18d20,d11

Page 4
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3 System Setup and Gonfiguration

34 Software Installationt
Installation of the sofitware simply involves the following:
s ‘install the necessary software (TCP/IP, RendetWare, etc), or (as

appropriate) copy the necessary DLL fi ies to the Window \System
directory .

» ensure that the program, resource and configuration files all reside in
the same directory .

+ edit the configuration files to reflect the current hardware configuration
 and the process to processor allocation that has been decided upon.

3.2 Configuration Fiies |
- OOVE mak_es use of three configuration files, namely:

ADDRESS.CFG
PROCESS.CFG
SIMULATE.CFG

The format of these files and how they are used is described below:

3.2.1 ADDRESS.CFG

- The ADDRESS.CFG file is used to specify the network configuration which is
to be used to run the program. Information about the total humber of
workstations or nodes, as well as address information In the form of a host
name or IP address for each of the networked computers is extracted from
this file. In addition, by means of this file, each workstation Is able to
determine its own identity.

Ezch node malntains a slightly different version of the ADDRESS.GEG file.

The format of the ADDRESS.CFG file will be explained by means of the
example shown In Figure WB107-1.
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3.2.2

3
0
machinel.ee.wits.ac.za
machinel.ee.wits.ac.za

machine3.ee.wits.ac.za

Flgure WB107—1: Sample ADDRess.cFG Configuration File

The file consists of two numbers, followed by a list of host names, each on
& separate line in the file. The first number représents' the total number of
nodes that are being used. The minimum is 1. The second number Is a

_zeto-based index into the list of host names, identifying the local machine.

A workstation uses this number to determine its identity. Finally, the host
narmes for each of tha machines in the configurafion ara listed.

In the example given in Figure WB107-1, the system will be run on three
machings. This pan’ aular configuration file Is housed on the first machine
{(with an index of 0). The host names of the thres nodes are machinel..,,
machine2,.. and machine3.ee.wits.ac.zz, respeciively. The host
name of this machine is therefore machinel .ee.wits.ac.za.

The host names spesified in the ADDRESS.CFG file may be replaced with P
addresses (for example, 146.141.16.221). This obviates the need for
domain name resolution by means of a DNS server.,

PROCESS.CFG

The PROCESS.CFG fils is used to specify the processes that comprize the
application, as well as their distribution among the avallable computers. -
For sach process, the process D, process type and the node responsible
for the process are specified. :

Since each machine's view of the system must be consistent with that of
all other machines, each machine uses an exact copy of the same
PROCESS.CFG ﬁ!e.

Page &
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The PROGESS.cra file contains firstly a sihgle integer value representing
the total 'mber of processes which exist, and then a number of records
of the form:

Process [0 Responsible Node Process Type

where the three numbers are all integers. The process IDs must be
unigque, and are typically listed in numerical order, starting with 1. The
respons1ble node field is & zero-based index into the list of host names
contained in the ADDRESS.CFG file, and specifies which node that process
will be housed on, if the responsible node matches the focal machine
index specifisd in the ADDRESS.CFG file, then that process will be housed
on the local machine. _

The process type field Is interpreted as foliows:

0 |input Handler

1 Presentaﬂon Generator
2 Object
"3 Simulation

it should be noted that due to the way the system has bsen implementad,
in the current version of the software the object processes should be
- specified first. A sample PROCESS.CF@ file is shown in Figure WB107-2.

wis107ww.101.doa Version 1,01 8 September 1298 Paga 7
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3.2.3

314

401

523

J/ Five processas

/f process 1, responsiblem=l, ohject

/{ process 2, responsible=l, ohject

i pr;'oc:e.'ss 3, responaible=:, input hanﬁlar

// process 4, rgsponsihla-ﬁ, presentation generator

// process 5, responaible=2, simplation

Figure WB1 07-2: Sample PROCESS;CFG Configuration File

In this case, there are five processes, distributed over three machines.
The first two processes are Object Processes, and run on machire 0 and
machine 1 respectively. The third process is an Input Handler, and runs on
machine 1, and so on, '

As indicated by this example, comments may be included In the file after
the process specifications and will be ignored. Although for clarity the
C+i—style "//" prefix has been included in this example to designate
these lines as comments, the fines are in fact ignored alfogether. (The file
parser reads the number of processes, and then reads exactly that
number of subsequent lines of the file).

SIMULATE.CFG

The SIMULATE.CFG configuration file is used {o specify the time-varying
simulation values that will be used by the program. This file serves as an
input data stream to the simulation component of the program. In the
eventual final incarnation of the visualisation tool, this data file could be
replaced by a live stream of daia from external sources, such as
transducers or monitoring equipment.

Page 8
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This file cansists of a sequence of numbers, The first of these is an integer
representing the number of data points contained in the file, and hence in
the time-varying sequence that the simulation uses. The sequence of
floating point numbers thereafter are the actual data points.

The SIMULATE.CFG file which is used in the prototype application was
generated by means of MATLAB"‘“

- 3.3 - Running the Program

Before running the QQOVE software, the hardware wnf iguration and
process allocation which will be used must be decided upon. Thereafter
the configuration files described above must be edited to reflect these
-choices,

Although the system is designed to be distributed across a number of
machines. and different parts of the system run on each machins, the
same executable program, oove.exe, is run on every machine. The
exact roles of each instance of the program are determined at run time.

All that needs to be done in order to start up the system, therefore, is to
start the oove.exe executable on each machine. The main program
window on each machine may take some time to appear, since the
-machihes initially communicate with one anothier, and only when all of the
machines are ready does the system actuslly start up. Figure WB107-3
shows a sample of the mailn program window which appears on the
machine which houses the Presentation Generator; Figure WB107—4
- shows the “blank” main program window whlch appears on the other
machines,
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Figure WB107-3: Sample Main Program Window
{Presentation Generator Machine)

Figure WB107-4: Sample Main Program Window
(Non-Presentation Generator Machines)
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4 Menu System

This section details the menu sv*sm of the OOVE Visualisation Tool.
Since most of the interaction w.. the program is done by direct
manipulation of the user's viewpoint by means of the navigation controls
(see section 5), the menu system provides @ limited amount of
functionality. The functions provided are listed below:

« File-Exit

This function is used to exit the program It is identical to -doubie slicking
the # iconinthe top left corner of the main window or clicking the B icon
in the top right corner.

«  Configure - Options
Thls functmn brings up the Options popup submenu, whlch in tum conmsts
' -8 menu items:

« Edit Address.cfg
s Edit Process.cfy
« Edit Simulate.cig

These functions respectively allow the audress, process and simulation
configuration files to he edited. These men options are provided for
convenience only — the configuration files can equivalently be modified by
means of any standard text editor, such as the Windows nofepad.

» Configure - Refresh View

The refresh view function causes the main window fo be redrawn, and is
usefuf if the display has become conupted. If the system Is running -
distributed over a number of machines, then this function can be invoked
on any of the machines, in order to refresh the display of the machine
which houses the graphics generator process.
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Help - About

This menu option brings up the about dialog box shown in Figure WB107-
5 below, which gives brief information about the program.

Figure WB107-5: About Dialog Box

Page 12 Version 1.01 8 Septambar 1958 whi07ww.101.dec
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OOVE

5 " Navigation
The navigation controls provide the main means for mteractlon with the
program. By means of these controls, the user is able fo change his
viewpoint, and navigate through thﬂ virtual environment.

8.1 Navigation Using the Mouse

Navigation through the virtual environment by means of the mouse ls very
intuitive and natural. :

Two modes of navigation are provided. Mode 1 navigation allows the user
to change his posifion in the X-Z plane. This allows forward and backward
movement, as well as movement from side to side. Mode 2 navigaton
allows for a change in orientation of the viewpoint of the user with respect
to the area of interest, coupled with side to side translation, as before. By
providing a means for changing orientation, the angle at which the objects

. of interest are viewed can be modified to reveal hidden detail. These
* modes of navigation are explained by Figure WB107-6.

Mode 1 Navigatioh Mode 2 Navigafion
Figure WB107-6: Navigation Modes

Mode 1 navigation is achieved by hoiding down the feft mouse button and
moving the mouse in the desired direction. Moving the mouse forward
moves the observer forward, movitiy the mouse backward moves the

. observer backward. Similarly, the observer's side fo side motion follows

the left and right movements of the mouse. A sampie of the output display
during Mode 1 navigation Is provided in Figure WB107—7.
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Figure WB107-7: Mode 1 Navigation

For Mode 2 navigation, the right mouse button Is used. With the right
mouse button depressed, left and right movements of the mouse result in
movement of the observer to the left and right, as before, Forward and
backward moven.ents of the mouse cause the plich angle of the view
orientation fo increase and decres. 2, respectively. A typical output display
during Mode 2 navigation is shown in Figure WB107-8.
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Figure WB107-8: Mode 2 Navigation

52 Navigation Using the Keyboard

The keyboard controls mimic the mouse controls. Both modes of
navigation are again provided. Mode 1 navigation is the default mode, and
corresponds to holding down the left mouse button, The "p7,
"semicoleon”, "L" and "apostrophe" keys are used to move forward,
backward, left and right respectively,

Mode 2 navigation is achleved by holding down the *Ctxl" key while
pressing the above keys, to increase and decrease the vlew orlentation
plich angle, and move the observer laft and right respeciively.

(P
D (O

Figure WB107-9: Keyboard
Navigation Controls
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Example of System Usage

This section presents an example of the configuration, running, interaction
with and termination of the program. It provides a sample run through of

the sequence of tasks that typically need to be performed by the user.

In the example provided, the system is to be run distributed across three
machines.

Specufcatlon of Pracess to Processor Allocatlon

1. Decide on the process to processor allocation that will be used. For the
purposes of this examp.'s, the follawing allocation has been selected:

'Machine Allocated Processes

Machine 1 | Object Process
: - | Presentation Generator

Machine 2 Object Process
Input Handler

Machine 3 Simulation

2. Confirm that there is a suitable input device attached to Machine 2 and
that there is a suitable display device attached to Machine 1.

Software Installation and Configuration

3. The system Is o run under Windows NT Workstation 4.0 on machines
1 and 2, and under Windows 95 on Machine 3. V-rify that TCP/P
connectivity has been installed and tested on all of these machines.

4. None of the machines on which the program is fo run have
RenderWare installed. Therefore copy the appropriate DLL files from
the distribution disk to the wWindows\Svstem directory on each
machine, by typing:

copy a:\oovel\rwdll\*,.d4ll c:\windows\system

at the Windows NT Command Prompt,

Page 16
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Copy the program, configuration and support files to the directory from
which the program wilt be run on each machine:

copy a:\ocovel\*.* ¢:\oove

Edit the three configuration files using the Windows notepad, For this
example, the configuration files should be edited to look exactly as
showri in Figure WB107—1 and Figure WB107-2 (The second line of
Figure WB107-1 is changed to 1 and 2 for Machine 2 and Machine 3,
respectively). .

6.3 Running the Program

7.

Execute the oove.exe binary on each machine, If the system runs
correctly, a blank window should appear on Machine 2 and on Machine
3. The output digplay should appear on Machine 1. if the program does
not start up properly, then shut down all ruhning instainces of the
program on each of the machines as deseribed in Section 7.1, and
check that the configuration files are corract and that all the necessary

- ‘program files are in the corract locations, before attempting fo run the

program again.

6.4 Interaction With the System

8.

. Once the sysiem has been started up successfully, the user should be

presented with & map on which various objec:s of interest appear. By
means of the navigation controls described in Section 5, the user Is

- able to move freely around the environment which is presented, and

inspect the objects that are represented. The user interface Is very
intuitive, and it is left fo the user to investigate the different means of
Interaction with the system that have been provided.

Note that the behaviour of the objects is influenced by the simulation
which is running. To observe the effect that the Simulation Process is -
having on the system, shut down the OOVE program on Machine 3
only, by selecting Exit from the File Menu, The animation of those
oblects that are influenced by the Simulation should immediately
cease,

10.The user interface provides the ability to edit the conflguration files so

that the parameters can be changed. Changes that are made in this
way will {ake effect the next time the program is run. To illustrate,
change the PRocess.cFG file to place the Simulation process- on
Machine 2 instead of Machine 3. Select Options—Edit Process.cfy
from the Configure menu. Make the required change to line 8, so that it
raads "5 1 3", It is left to the user to shut down and re-run the system to
obsarve the effect of this change. (In this configuration, shutting down
the program on machine 3 shouid no longer yield the same result),

 wb107ww.101.doc
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11.Finally, in order to check the version number of the program, select the
About option from the Hefp menu. The dialog box shown should report
that this is Version 1.0 of the systemn, as shown in Figure WB107-5.

8.5 Shutting Down

12.Click the B8 icon in the tap right hand comer of the window on each
machine to shut down the program,
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OOVE
7 Troubleshooting
74 Multiple instances

Only one copy of the program should be runnlng on any particular
machine at a time. Network communications will be adversely affacted if
more than one instance of the prograém is running simultaneously, since it
is not clear which ingtance of the program should handle incoming
network messages, or which instance has generated an outgcing
meesage. Under these conditions, the program will behave unpredictabiy.

If the program does not startup propiariy'or terminate gracefully, the user

should check that the program has been shut down completely, and that

traces of the program are not lsft running on the system. Under Windows
85, this is done by means of the Close Program dialog box which is
accessed by pressing the Clr-Ali-Defete key combination. Under Windows
NT, the Task Manager can be used for this purpose. In either case, any
tasks called “Visualisation Tool* or "Oove’ should be terminated, by
selectlng “End Task" . .
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