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Diplom-Wirtschaftsinformatiker an der Universität

Göttingen

vorgelegt am 09.10.2002

von Daniel Adler

aus Göttingen



Con ten ts

1 In tro duction 1

1.1 Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Further reading . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 R 4

2.1 Language . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.2 Graphical subsystem . . . . . . . . . . . . . . . . . . . . . . . 5

2.2.1 Graphics plots . . . . . . . . . . . . . . . . . . . . . . . 6

2.2.2 Devices . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.3 Documentation . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.4 Extensions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.5 Distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

3 In teractiv e visualization 9

3.1 Geometry-basedComputer graphics . . . . . . . . . . . . . . . 9

3.2 Homogeneouscoordinatesand transformations . . . . . . . . . 10

3.3 Lighting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3.3.1 Shading . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3.3.2 Material . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3.4 Real-time Rendering . . . . . . . . . . . . . . . . . . . . . . . 12

3.4.1 Application stage . . . . . . . . . . . . . . . . . . . . . 13

i



CONTENTS ii

3.4.2 Geometry stage . . . . . . . . . . . . . . . . . . . . . . 13

3.4.3 Rasterization stage . . . . . . . . . . . . . . . . . . . . 15

3.5 OpenGL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.5.1 State machine . . . . . . . . . . . . . . . . . . . . . . . 17

3.5.2 Client/Server architecture . . . . . . . . . . . . . . . . 17

3.5.3 Display lists . . . . . . . . . . . . . . . . . . . . . . . . 18

3.5.4 Vertex arrays . . . . . . . . . . . . . . . . . . . . . . . 18

3.5.5 Windowing systeminterface . . . . . . . . . . . . . . . 18

3.6 Interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

4 Functional Design 19

4.1 Goals. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

4.2 Device . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

4.3 Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

4.3.1 Coordinate system . . . . . . . . . . . . . . . . . . . . 22

4.3.2 Scenedatabase . . . . . . . . . . . . . . . . . . . . . . 23

4.3.3 Shape . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

4.3.4 Viewpoint . . . . . . . . . . . . . . . . . . . . . . . . . 25

4.3.5 Light . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

4.3.6 Background . . . . . . . . . . . . . . . . . . . . . . . . 26

4.3.7 Bounding box . . . . . . . . . . . . . . . . . . . . . . . 27

4.3.8 Appearance . . . . . . . . . . . . . . . . . . . . . . . . 28

4.4 API . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4.4.1 Devicemanagement functions . . . . . . . . . . . . . . 31

4.4.2 Scenemanagement functions . . . . . . . . . . . . . . . 32

4.4.3 Export functions . . . . . . . . . . . . . . . . . . . . . 32

4.4.4 Shape functions . . . . . . . . . . . . . . . . . . . . . . 32

4.4.5 Environment functions . . . . . . . . . . . . . . . . . . 33



CONTENTS iii

4.4.6 Appearance . . . . . . . . . . . . . . . . . . . . . . . . 34

5 Soft ware Dev elopmen t 36

5.1 Object-orientation . . . . . . . . . . . . . . . . . . . . . . . . 36

5.1.1 Notation using the UML . . . . . . . . . . . . . . . . . 37

5.1.2 Software patterns . . . . . . . . . . . . . . . . . . . . . 38

5.1.3 C++ . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

5.2 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

5.2.1 Sharedlibrary . . . . . . . . . . . . . . . . . . . . . . . 41

5.2.2 Windowing system . . . . . . . . . . . . . . . . . . . . 42

5.3 Architecture . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

5.4 Foundation layer . . . . . . . . . . . . . . . . . . . . . . . . . 44

5.4.1 types module . . . . . . . . . . . . . . . . . . . . . . . 45

5.4.2 math module . . . . . . . . . . . . . . . . . . . . . . . 46

5.4.3 pixmap module . . . . . . . . . . . . . . . . . . . . . . 52

5.4.4 gui module . . . . . . . . . . . . . . . . . . . . . . . . 52

5.4.5 lib module . . . . . . . . . . . . . . . . . . . . . . . . . 54

5.5 scene module . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

5.5.1 Database . . . . . . . . . . . . . . . . . . . . . . . . . 55

5.5.2 Rendering . . . . . . . . . . . . . . . . . . . . . . . . . 58

5.6 Device . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

5.6.1 rglview module . . . . . . . . . . . . . . . . . . . . . . 66

5.6.2 device module . . . . . . . . . . . . . . . . . . . . . . . 67

5.7 Client . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

5.7.1 api module . . . . . . . . . . . . . . . . . . . . . . . . 68

5.7.2 devicemanager module . . . . . . . . . . . . . . . . . . 68

5.8 API implementation . . . . . . . . . . . . . . . . . . . . . . . 69

5.8.1 Interfaceand data passingbetweenR and C . . . . . . 70



CONTENTS iv

5.8.2 R functions . . . . . . . . . . . . . . . . . . . . . . . . 70

6 Examples 72

6.1 Launching RGL . . . . . . . . . . . . . . . . . . . . . . . . . . 72

6.2 Statistical data analysis . . . . . . . . . . . . . . . . . . . . . 73

6.2.1 Estimating animal abundance . . . . . . . . . . . . . . 73

6.2.2 Kernel smoothing . . . . . . . . . . . . . . . . . . . . . 73

6.2.3 Real-time animations . . . . . . . . . . . . . . . . . . . 74

6.2.4 Imagegenerationfor animation . . . . . . . . . . . . . 74

7 Summary and Outlo ok 75

7.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

7.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

7.2.1 Ports . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

7.2.2 Renderingimprovements . . . . . . . . . . . . . . . . . 76

7.2.3 Functionality improvements . . . . . . . . . . . . . . . 77

7.2.4 Sceneimprovements . . . . . . . . . . . . . . . . . . . 77

7.2.5 GUI improvements . . . . . . . . . . . . . . . . . . . . 77

7.2.6 R programing interface improvements . . . . . . . . . . 78



List of Figures

4.1 Sceneobjects . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

4.2 Coordinate system . . . . . . . . . . . . . . . . . . . . . . . . 22

4.3 Faceorientation . . . . . . . . . . . . . . . . . . . . . . . . . . 22

4.4 Logical databasemodel . . . . . . . . . . . . . . . . . . . . . . 23

4.5 Shape objects . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

4.6 Bounding Box tick-marks . . . . . . . . . . . . . . . . . . . . 28

4.7 Overview of the RGL API . . . . . . . . . . . . . . . . . . . . 31

5.1 UML notations . . . . . . . . . . . . . . . . . . . . . . . . . . 38

5.2 DeviceInput/Output . . . . . . . . . . . . . . . . . . . . . . . 41

5.3 Overview of C++ modules . . . . . . . . . . . . . . . . . . . . 44

5.4 Classdiagram: Double-linked lists . . . . . . . . . . . . . . . . 45

5.5 Geometry transformation of polar coordinates . . . . . . . . . 48

5.6 Perspective viewing volume frustum . . . . . . . . . . . . . . . 49

5.7 Top-view of frustum enclosinga bounding spherevolume . . . 50

5.8 gui classes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

5.9 printMessage() on Win32 platform . . . . . . . . . . . . . . . 54

5.10 Classhierarchy of the scenedatabase . . . . . . . . . . . . . . 56

5.11 Boundingbox meshstructure (left) andexamplewith contours
and axis (right) . . . . . . . . . . . . . . . . . . . . . . . . . . 64

7.1 Graphical user-interfacecomponent FourView . . . . . . . . . 77

v



List of Tables

3.1 Vertex attributes . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.2 Light attributes . . . . . . . . . . . . . . . . . . . . . . . . . . 14

4.1 Viewpoint parameters . . . . . . . . . . . . . . . . . . . . . . 25

4.2 Dragging actions for interactive viewpoint navigation . . . . . 25

4.3 Light parameters . . . . . . . . . . . . . . . . . . . . . . . . . 26

4.4 Background parameters. . . . . . . . . . . . . . . . . . . . . . 26

4.5 Bounding Box parameters . . . . . . . . . . . . . . . . . . . . 27

4.6 Appearanceparameters. . . . . . . . . . . . . . . . . . . . . . 29

5.1 Data type mapping betweenR and C . . . . . . . . . . . . . . 70

vi



Chapter 1

In tro duction

The visualization of empirical and simulated data in conjunction with func-
tion graphs is a common technique for scientists to identify correlations in
multiv ariate data, to comparedistributions with known distribution func-
tions and to illustrate state facts.

2D visualizationssuch asscatterplots,distribution anddensity function plots,
histogramsand pair plots are usefulgraphical techniquesfor interactive data
analysis.

3D visualizationsprovide an additional coordinate axis. Due to the fact that
3D visualizations are projected on 2D screendisplays, interactive viewpoint

navigation is requiredto get an adequateoverviewby exploring the 3D world.
In contrast, 2D visualizationsdo not require special navigation facilities.

Three variablevisualizationsand the usageof modern graphicsdrawing tech-
niqueslike transparencygive scientists abilities at hand to analysemultiv ari-
ate data.

The current R graphicscapability lacks the abilit y to interactively visualize
data in 3D and haslimited support for 3D graphicsplots. Interactive visual-
ization requiresa certain degreeof graphicsrenderingspeedwhich optimized
enginesshould deliver.

This work documents the development of a R package named \R GL". It
contains an interactive visualization devicesystemwith an R programming
interface. RGL usesthe OpenGL library as the renderingbackend providing
an interface to graphics hardware. Most graphics hardware vendors pro-

1



CHAPTER 1. INTR ODUCTION 2

vide an OpenGL driver for their hardware systemsand even software-only
implementations exist.

1.1 Approach

The R system is widely used throughout the statistical community. RGL
extendsR with a graphicsdevicesystemthat includesnew graphical capa-
bilities. By adapting somecommonprogramming interfacedesignsfrom the
current R graphicssystem,usersneedlesstime to study the usageof RGL.

This leadsto the approach of analysingR graphicscapabilities and its pro-
gramming interface to derive requirements and guidelinesfor the software
design.

The software concept evolves using a scenedatabaseoriented approach to
designthe functionality.

The development has been done using the methodology of object-oriented
software development and an object-oriented programming language. The
advantage is a solid transition from the software concept to design,and �-
nally to implementation. The object-orientation provides techniques that
structure software systemslogically using modularization, abstraction, data
encapsulationand polymorphism, which leadsto a reduction of complexity.
The methodology of Software Patterns has been applied to design a solid
architecture.

1.2 Further reading

Chapter 2 givesan overview of the R environment and a brief introduction
into key featuresof the R language.A short overview of the graphicscapa-
bilities and programming interface is presented. Futhermore, the extension
mechanism of R is discussed.

Chapter 3 gives an introduction into the �eld of interactive visualization.
Real-timerenderingwill beoutlined togetherwith an introduction to OpenGL.

Chapter 4 describes the functionality of the device, the graphics rendering
model and explainsthe application programming interfaceusing a top-down
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approach.

In Chapter 5 the development processis presented. The chapter starts with
an introduction to the object-oriented methodology including the C++ lan-
guage,UML notations and Software Patterns. The R extensionmechanism
via sharedlibraries and a discussionabout windowing systemsgive the out-
line for the architecture design. A detailed bottom-up description on a
module- and class-level with details on method implementations round up
the C++ implementation. The RGL API implemention in R completesthe
software systemdocumentation.

Chapter 6 givessomeexamplesto illustrate featuresof RGL package.

Chapter 7 gives a summary and a future outlook of further development
plans.



Chapter 2

R

R is an open-sourceimplementation of the S and its successorSplus. It
is a statistical computation environment with an interpreted programming
language,an interactive commandline interface, a graphicsplotting device
system,a documentation systemanda packagemechanism. Add-on packages
extend the system and a network supports the distribution. It has been
ported to three major platforms (Microsoft Windows, Apple Macintosh and
to the X11 windowing systemrunning acrossa variety of operating systems,
including Linux and BSD derivates).

2.1 Language

The R language is a dialect of S, which was designedin the 1980sand has
beenin widespreadusein the statistical community. This sectionfocuseson
someremarkable properties of the language. Detailed information about S
is given in [3]. The R LanguageReferenceis distributed with the R software
and is available online. [18]

The R languageis an interpreted languageusedwith an interactivecommand
line interface. R provides di�erent data typesto store data in memory.

Vectors represent variable number of data elements of a speci�c storagedata
type. Supported storagedata typesare logical, integer, double, complex and
character.

Lists are genericvectors containing elements of varying data types. They

4



CHAPTER 2. R 5

can be attributed with names usedfor namedindexing.

The function data type is the elementary executionunit that extendsthe R
languagewith new functionality. Functions are de�ned using an argument
list for input data and a body of R statements implementing the functionality
probably providing an object as return value. The arguments can have de-
fault values. Functionsarecalledusingthe object namewith arguments that
are given either in order or can be given as tagged arguments. That is, the
data to be passedto the function is labeled using the form label =value .
When combing default values and using tagged arguments, the number of
arguments and its position in the list can vary.

The \ ..." (dot-dot-dot) data type is a List with unknown elements. It is
commonly usedin function argument list de�nitions to dispatch arguments
to di�erent specializedfunctions. Functions can passthe \ ..." object to
subfunctionswhere it gets actually evaluated. When providing a standard-
izedlist of arguments for a group of public functions, the \ ..." object canbe
usedto dispatch the arguments to an internal function that actually evalu-
atesthe arguments. When changing the interface,only the internal function
must be modi�ed.

R supports object-orientation using genericfunctions and specializing func-
tions for a special class. Generic functions dispatch the control 
o w to spe-
cialized functions depending on the classof an object.

A recycling rule is usedby operators that requiresits operandsto be of the
samelength. In casethat the operandsdi�er in length, they are recycledto
the length of the longest.

2.2 Graphical subsystem

The graphical subsystemconsistsof a devicesystem,devicedrivers for dif-
ferent plotting devicesand an API 1.

1Application Programming Interface
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2.2.1 Graphics plots

The R graphicsplotting facility providesa variety of graphsfor data analysis.
They can be divided into low-level and high-level functions for plotting. A
generic interface for setting graphical parameters is supported acrossthe
majorit y of commandsusing the ... data type.

Many plotting functions are genericfunctions with a default function imple-
mentation which are su�xed with '.default'.

The plot() function is a generic plot function which produces di�erent
graphsdepending on the classof the given data.

Multiv ariate data is plotted using pairs() providing two specialized pair
plots. qqnorm(), qqline() and qqplot() are distribution-comparisonplots.
hist() produceshistograms and provides two specializedhistogram plots.
dotchart() constructs a dotchart of the data. image(), contour() and
persp() are usedto plot multiv ariate data using three variables.

The low-level plotting commandsgive full control over the completegraphics
tasks and can be used to implement new types of graphs or to extend the
graph. Display limits on a per axis basemust be de�ned at the beginning
of a plot and are �xed throughout the session.If the graphicsplot hits the
display limits, it getsclipped.

Interaction commandscanbeusedto identify (identify()) or locate(locate())
datasetsin an existing plot using the pointing deviceof the windowing sys-
tem.

plot.new() and frame() completethe current plot, if there is oneand start
a new plot.

The par() commandis usedto setor querygraphicalparamaters.A groupof
parametersis de�ned asread-onlyandcannot bemodi�ed. The other param-
eters can be set by par() explicitly or can be passedto plot(), points(),
lines(), axis(), title(), text() and mtext().

2.2.2 Devices

Graphics devicesin the senseof R are graphicsplotting devices.The R de-
vices can be divided into interactive and batch mode devices. Interactive
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devicesimmediately display plots, while batch mode devicesoutput the plot
to a �le. A variety of devicedriversare implemented. All supported window-
ing systems(currently Win32, Macintosh, X11) provide an interactive device
driver that is capableof displaying the output using the graphics facilities
of the windowing system. Batch mode devicesare provided for the following
output �le formats: postscript, pdf, pictex, png, jpeg,bmp, x�g and bitmap.
R devicescan be con�gured to contain several plots layouted on the display.
This is useful for comparingmultiple plots.

A sampleplot sessionwould be carried out like this:

1. Open a device

2. Optionally setup deviceparameters(e.g. multiple plots)

3. Start a new plot by setting up axis limits

4. Post a sequenceof graphicsplotting instructions

5. Optionally, start a new plot

6. Closedevice

R hasan interestingbehaviour for interactive plots. In caseof a newplotting
command, it automatically opens an interactive device if none is already
opened.

2.3 Documentation

R is delivered with comprehensive documentation about the language[18],
writing extensions[19] and data import/exp ort[17]. Functions, data setsand
generalfeaturesare documented in the Rd documentation format, which is
part of the R distribution. The Rd format is a subsetof LATEX, represent-
ing a meta-format for a variety of documentation formats. Transformation
tools are provided that generateHTML, LATEX, pdf, Windows HTML Help
Format and R manual pages.The R manual pagesare viewed by a browser
component of the R system. The Rd format providesthe writing of examples
when documenting functions. Additionally the example(topic ) command
can be issued,which will executeexamplecode in the manual pageindexed
by topic .



CHAPTER 2. R 8

2.4 Extensions

R extensionsare delivered as R packages. A package must provide a de-
scription. Optionally, it can contain R functions, datasets,documentation,
sharedlibraries and additional �les. The description provides informations
about version,authors, dependenciesto other packagesand copyright issues.
The documentation is written in the Rd meta-documentation format. Shared
libraries are used to extend R with foreign code. R is able to interface to
C or Fortran code in a shared library. A package optionally contains the
sourcecode to build the libraries or pre-compiledbinaries for a speci�c plat-
form. A utilit y tool suite written in Perl helps automating the processof
building, veri�cation and installation of packages. The packaging standard
helpsimplementators to deliver functionality, datasetsand documentation in
a portable way.

2.5 Distribution

Packagesare distributed in the Comprehensive R Archive Network (CRAN)
that is accessablethrough the internet. Package authors upload package
releases.R providesan automateddownloadand install mechanismto install
packagesfrom the CRAN.



Chapter 3

In teractiv e visualization

Interactive visualization is common in the �elds of computer aided design,
scienti�c visualization and computer games.A computer graphicssystemis
the coreproviding computer-generatedimages.

Angel[2] describes �v e major components that can be found in a computer
graphicssystem: Processor,Memory, Frame bu�er, Output devicesand In-
put devices. At present, almost all graphics systemsare raster based. A
picture is producedas an array - the raster - of picture elements, or pixels,
within the graphicssystem.

3.1 Geometry-based Computer graphics

Geometry-basedcomputer graphicsusethree-dimensionalprimitiv essuch as
points, lines, triangles, quadrilaterals and polygonsas basic building blocks
to contruct complex objects. The primitiv esare described using vertices in
a local coordinate space.The object is transformed using translation, rota-
tion and scaling to map it into the eye coordinate space,where it actually
gets rendered.Attributes such ascolor, material properties, normal vectors,
edge
ags and texture coordinates are associated with the vertex. This sec-
tion focuseson geometry-basedcomputergraphicsusedfor high-performance
rendering. For detailed information on 3D computergraphics,including ray-
tracing and ray-casting, see[21].

9
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3.2 Homogeneous coordinates and transfor-

mations

In computer graphics, geometry transformation, homogeneouscoordinates
and 4×4 matricesbecamegenerallyacceptedasthey provide several advan-
tages. Homogeneouscoordinatesare described using four component vectors
(x, y, z, w)T . The w parameterdecideswhether the homogeneouscoordinate
is a vertex point with w > 0 (default is w = 1) or a normal vector with
w = 0. A 4× 4 matrix is usedto transform a homogeneouscoordinate into
another space.Rotation, scaling,shearing,translation and even orthogonal
and perspective projections can be expressedby such matrices.

An example,that showsa translation transformation which must treat vertex
points and normal vectorsdi�erently dueto the w component is given below.
A homogeneouscoordinate ~v is transformed using a translation transforma-
tion given by the transformation matrix T (tx, ty, tz) translating the spacetx

stepsin x-direction, ty stepsin y-direction and tz stepsin z-direction.

T (tx, ty, tz)~v =













1 0 0 tx

0 1 0 ty

0 0 1 tz

0 0 0 1

























x

y

z

w













=













x + txw

y + tyw

z + tzw

w













If ~v is a normal vector, the transformation is una�ected due to w = 0. If ~v

is a vertex point with w = 1, the transformation translates the point appro-
priately. Translation is a special caseof transformations,wherenormalsand
points are treated di�erently. Rotation, scalingand shearingtransformations
a�ect normal vectors the sameway vertex points are a�ected.

Often, objects are transformedusinga combination of basictransformations.
The basic transformation matrices can be concatenatedto get a complex
4×4 transformation matrix that conservesthe desiredtransformation steps.
Vertex points and normal vectorsare transformedusingonematrix multipli-
cation.

When primitiv esare drawn on the screen,they are projected usinga viewing
volume. Primitiv es that are partially inside the viewing volume must be
clipped, while primitiv es completely outside can be dropped from further
processingas they are not visible. When primitiv es are inside the viewing
volume they are simply passedby. Normalized projection transformations,
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that usethe w coordinate to perform testing and clipping in an e�cien t way,
exist. After normalized projection transformation the spaceis transformed
into normalized device coordinates using a perspective division step, that
divides the x,y and z components by its w component. To test if a vertex
actually lies in the viewing volume, the normalized x, y and z components
must lie in the rangeof [-w;w].

Detailed informations about homogeneoustransformations are given in [13]
and [2] .

3.3 Lighting

\Ligh ting is the term that is usedto designatethe interaction betweenma-
terial and light sources,aswell as their interaction with the geometryof the
object to be rendered."[13]

3.3.1 Shading

\Shading is the processof performing lighting computations and determin-
ing pixels' colors from them. There are three main types of shading: 
at,
Gouraud, and Phong. Thesecorrespond to computing the light per polygon,
per vertex and per pixel. In 
at shading,a color is computed for a triangle
and the triangle is �lled with that color. In Gouraud shading, the lighting
at each vertex of a triangle is determined, and these lighting samplesare
interpolated over the surfaceof the triangle. In Phong shading,the shading
normals stored at the verticesare usedto interpolate the shadingnormal at
each pixel in the triangle. This normal is then usedto computethe lighting's
e�ect on that pixel."[13]

\Most graphicshardware implement Gouraud shading becauseof its speed
and much improved quality."[13]

The lighting equationusedin renderingsystemsis not given here. Moreover,
this sectionfocuseson the material propertiesasthey areusedfor appearance
de�nitions.
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3.3.2 Material

In real-time systemsa material consistsof a number of material parameters,
namely ambient, di�use, specular, shininess,and emissive. The color of a
surfacewith a material is determined by theseparameters,the parameters
of the light sourcesthat illuminate the surface,and a lighting model.[13]

• The Diffuse component speci�es the color component, that, when hit
by the light ray, is scatteredin all directions.

• The Specular component lets surfacesappear shiny. Most of the light
that is re
ected is scatttered in a narrow range of angles(shininess

paramater) closeto the angleof re
ect.

• The Ambient component speci�es the color component, that is present
due to ambient lighting.

• The Emission component speci�es the colorcomponent that is emitted.

Material components interact with its counter-part given as light intensity
components from all light sources,except the emissioncomponent which is
directly applied to the surface,even if no light sourceis enabled.Color plate
1 depicts the e�ects of ambient and specular material on a sphere.

3.4 Real-time Rendering

\Real-time rendering is concernedwith making imagesrapidly on the com-
puter. It is the most highly interactive areaof computer graphics. An image
appears on the screen,the viewer acts or reacts, and this feedback a�ects
what is generatednext. This cycle of reaction and rendering happensat a
rapid enoughrate that the viewer doesnot seeindividual imagesbut rather
becomesimmersedin a dynamic process."[13]

\The core of a real-time rendering system is a graphics rendering pipeline.
The main function of the pipelineis to generate,or render,a two-dimensional
image,givena virtual camera,three-dimensionalobjects, light sources,light-
ing models,textures, and more."[13]The pipelinerendersgraphicsprimitiv es
that are senddown the pipeline in successive order.
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The architecture of a graphics rendering pipeline can be divided into three
conceptional stages. Somestagesbecomemore and more implemented in
hardware, thus providing more powerful rendering speed as the hardware
evolves. This makes it di�cult to describe the underlying algorithms in de-
tail. This section will give an overview of common operations in a logical
order. Hardware and software implementations may vary the order and pro-
vide additional features.

• Application stage: This stageis implemented in software. The applica-
tion has full control of the geometry-and rasterizer stage. This stage
decideswhat actually getsthrough the pipelineand how it is processed.

• Geometry stage: Incoming geometry primitiv es are transformed to
screencoordinates. Lighting calculations are performed on primitiv e
polygons.

• Rasterizer stage: The screen-mapped 2D primitiv es are drawn to the
framebu�er.

3.4.1 Application stage

The application stagecontains the application logic. Someapplications re-
quire a 
exible way of rendering graphics. A databaseof geometryobjects,
appearance,viewpoint, light sourcesand additional e�ects provide a general
way of processingscenedescriptions. This stage usesthe databaseand a
rendering strategy to setup pipeline settings, transformations and sendthe
geometrythrough the pipeline.

3.4.2 Geometry stage

The primitiv esdescribed by vertex coordinatesand attributes are processed
in this stage. Table 3.1 gives an overview of typical data. For each vertex
the following operations are applied.

1. Model & View Transformation: The vertices and normals (if light-
ing calculation is enabled)are transformed from local coordinates into
world coordinatesand from world coordinatesto eye coordinatesusing
a model & view transformation matrix.
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vertex coordinate (x, y, z, w)T with w > 0
color (no lighting) red,green,blue,alpha
normal vector (lighting) (x, y, z, 0)T

ambient color (lighting) red,green,blue
di�use color (lighting) red,green,blue,alpha
specular color (lighting) red,green,blue
emissioncolor (lighting) red,green,blue
specular shininess(lighting) value
2D texture coordinate (s, t)T

Table 3.1: Vertex attributes

position (x, y, z, w)T with w

{

= 0 distancelight
> 0 point light

}

ambient light red,green,blue
di�use light red,green,blue
specular light red,green,blue

Table 3.2: Light attributes
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2. Lighting : If enabled,the lighting calculation takesplaceusing the ver-
tex attributes and light sourceattributes (seetable 3.2) to calculate
the vertex color.

3. Projection Transformation: The transformed verticesare transformed
a secondtime using a normalizedorthogonal or perspective projection
transformation, which is described by the viewing volume of the syn-
thetical camera.

4. Clipping / Perspective Division: Clipping ensuresthat only thoseprim-
itiv es whosevertices are completely contained in the viewing volume,
are rendered. If the primitiv e crossesthe volume, it gets clipped. As
mentioned in section3.2, this processcan be optimized using perspec-
tive division and normalized device coordinates in conjunction with
homogeneouscoordinates.

5. Viewport Transformation: The 2D normalizedverticesare mapped to
window- or screen-coordinates.

6. Culling : A hidden-surfaceremoval test can reject 2D primitiv e faces
from further processing,whether they should be culled when facing
back face or front face. Vertices of a face are de�ned in a certain
orientation (counter-clockwise or clockwise). The test determinesthe
orientation of the 2D primitiv e, whether the initial orientation changes.

3.4.3 Rasterization stage

In this stagethe primitiv esactually get written aspixel valuesinto the frame-
bu�er. Depth value and optionally texture coordinates are associated with
the verticesof the 2D clipped primitiv es. The framebu�er usually consistsof
multiple bu�ers to implement optimized operations. The list below describes
commonly found bu�ers:

• Color buffers: The bu�er holdsthe color valuesrepresenting the pixels.
A front and back bu�er is commonfor double-bu�ering. The rendered
imageis written to the back bu�er and when�nished, copiedasonebig
memory block to the front bu�er. This technique is usedfor reducing
display 
ic kers.
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• Depth buffer : The depth bu�er keepstrack of the pixel's depth values.

• Accumulation buffer : The accumulation bu�er accumulates images
generatedby multiple rendering passesto create image composition
e�ects such asmotion blur, depth-of-�eld and anti-aliased high-quality
imageoutputs due to super sampling.

• Stencil buffer : The stencil bu�er is usedfor maskingoperations.

• Auxiliary buffers: Someimplementations provide auxiliary bu�ers that
can store renderedoutput to be usedfor later input.

Primitiv esareconverted to a set of possiblya�ected pixel locations,or raster
fragments. A fragment contains color information (including the alpha chan-
nel) with optional depth and texture values.

The list below brie
y describes common operations that take place before
�nally getting a fragment as a pixel on the color bu�er.

1. Shading : A shadingalgorithm can be usedto color fragments between
vertices(usedfor linesand polygons)by interpolating the vertex colors.

2. Texturing : The fragments color value is modi�ed usinga texture value.
Texture valuesare mapped using interpolation betweenvertex texture
coordinates.

3. Fog : The Fog feature mixes a fog color with the fragment color de-
pending on the depth value of the fragment.

4. Depth-test : A depth test canbe usedto prevent fragments to overwrite
objects that are closerto the camera. The depth valuesof primitiv es
written to the framebu�er are tracked using the depth bu�er. The
fragments depth valueis testedwith the depth valueof the depth bu�er.
This techniquegreatly simpli�es renderingasthe order of objects is not
important and object intersection is handled on a fragment level. The
depth valuesbetweenvertices are interpolated, when using the depth
bu�er test.

5. Blending : Blending is commonly used for transparency e�ects. The
fragments color value is mixed with the value already written to the
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color bu�er. Alpha blending usesthe color's alpha component to con-
trol the blending.

\F or high-performacegraphics, it is critical that the rasterizer stagebe im-
plemented in hardware."[13]

3.5 OpenGL

Graphicshardwarehasevolvedover the last years. The geometryand rasteri-
zation stagemovedmoreandmoreinto dedicatedgraphicshardware, thusac-
celerating the real-time renderingprocessdramatically. By using a graphics
hardware abstraction, software that will exploit todays hardware-accelerated
graphicsand is open for future improvements of hardware implementations,
can be written.

\Op enGL is a softwareinterfaceto graphicshardware. This interfaceconsists
of about 250distinct commandsthat areusedto specify the objectsand oper-
ations neededfor producing interactive three-dimensionalapplications."[22]

This sectiondiscussessomeimportant cornerstones,that have beenusedfor
implementation.

3.5.1 State machine

OpenGL is a state machine [22], that is set to variousstateswhich remain in
e�ect until the next change. Various operations can be toggled, parameters
and transformations can be changed.

3.5.2 Client/Server architecture

Graphics hardware mostly provides its own graphics processorwith dedi-
cated memory. Somecomputer graphics systemsare even distributed over
a network. OpenGL does take this implication into account and de�nes a
client/server architecture. The client is the application (application stage)
that usesthe OpenGL API. The server is the graphicshardware. The client
usesthe API to sendstate changes,geometryand appearanceinformation,
which are processedon the server side.
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3.5.3 Display lists

Display lists are compiled sequencesof OpenGL commandsstored on the
server-side. The client constructs the display list, and calls it each time it
would normally issuethe commands.This reducesthe data transfer dramat-
ically and server implementations can optimize the display list for execution.

3.5.4 Vertex arrays

Vertex arrays and additional attribute arrays are supported sinceOpenGL
version 1.1 . The vertex coordinates and attributes are referencedby the
client and dereferencedusingOpenGL vertex array dereferencingcommands.
The former method is a function call per attribute and coordinate to de�ne
onevertex of a primitiv e. As many objects sharevertices,this method is not
optimized as sharedverticesare transformedmultiple times.

3.5.5 Windowing system interface

OpenGL doesnot provide any interface for initializing an OpenGL capable
window or to get input events. It de�nes the interfaceto the OpenGL graph-
ics renderingmachine. The windowing systemsare responsiblefor providing
a way to initialize a socalledOpenGL context for a given window. All major
platforms provide extensionsto support OpenGL: Win32 provides the wgl

extension,X11 provides the GLX extensionand Macintosh provides the agl

extension.

3.6 Interaction

Commoninput devicesusedin interaction arepointing and keyboard devices.
A pointing devicehas two degreesof freedom(x- and y movement) and one
button at minimum.



Chapter 4

Functional Design

This chapter explainsin detail the functionality on an abstract level. A short
overview of the programming interface is given in advance.

4.1 Goals

As every project starts with the idea and the goals, RGL doesnot make an
exception. This sectionwill outline the major corner stonesthat have been
choosenfor the development of an interactive visualization devicesystem:

• A workspaceof multiple device instancesprovides a gentle working
environment for comparingvisualizations analogousto multiple views
and plotting devicesin R.

• Interactive navigation facilities should be designedintuitiv e. Conven-
tional input devicessuch as the pointing device1 should be supported.

• The viewpoint should keep the focus on the visualized data model,
while exploring the data.

• The description of a sceneshould be performedby an API in R, pro-
viding complex visualizations through combination of basic primitiv e
building blocks. The interfaceshouldbesuitablefor interactivecommand-
line editing.

1also known as the mouse

19
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• An undo function would support the user to develope complexvisual-
izations in a trial-and-error process.

• The data spaceshould be visualized appropriately. Dimensional ex-
tends given as a bounding box with axis tick-marks surrounding the
data would provide usershelpful informations about the dimensional
rangesof data.

• Recordedimage stills and animations are useful for presentation pur-
poses. The possibility to store a snapshoton massstoragedevicesis
su�cien t to support the creation of imagestills and animations.

4.2 Device

The device is the topmost abstraction for the task of interactive visualiza-
tion, analogueto R devicesthat abstract the task of plotting. It contains
a graphical user-interfacecomponent that displays the renderingoutput, re-
ceives user-input from the pointing deviceand provides a serviceto save a
snapshoton massstoragedevices.Multiple devicescan be openedsimulta-
neously. A management unit is required to keep track of all devices. API
callsconcerninga speci�c devicearedispatchedto the currently activedevice
through the management unit.

4.3 Model

Models are abstractionsof the real world. To visualize data, the user must
dealwith an abstract model of real-time renderingto describewhat shouldbe
renderedand how it should appear. The RGL visualization model is depict
in �gure 4.1. It contains �v e object typesthat de�ne a scene:

• The Viewpoint describes the location, orientation and cameraproper-
ties that will be usedas the virtual eye of the user exploring the data
space.

• Shapes are a collection of basic building blocks to visualize data in
three-dimensionalspace. Seven di�erent shape types are supported
providing di�erent geometryobjects.
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Background

Viewpoint

Lights

Shape

Bounding Box

Figure 4.1: Sceneobjects
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• The Light object represents a light source. The total of light objects
describe the lighting conditions.

• The Bounding Box object enclosesthe data spacedescribedby the total
of all Shapes. It measuresthe extendsof the Shapescurrently visualized
and displays tick-marks with labelson the three axis dimensions.

• The Background object describesenvironmental properties such asthe
background renderingstyle and the fog conditions.

4.3.1 Coordinate system

x

y

z

Figure 4.2: Coordinate system

When de�ning geometry in a model, consistent coordinate system conven-
tions must be de�ned �rst. Figure 4.2 depicts the coordinate system,where
x and y axis points to the right and top and the z axis points to the viewer.

v1

v2
v3

v4
normal

face

Figure 4.3: Faceorientation

The orientation of faces is important for culling as mentioned in section
3.4.2. Di�eren t drawing styles such as plotting the vertices, drawing the
edgesor �lling the entire facecan be associated. Front facesare de�ned in
a counter-clock wise order as illustrated in �gure 4.3. The normal vector
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Shape Stack

Shape

Shape
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Shape

Light Stack

...

Light

Light

Background
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Bounding Bo x

push()pop()

deleted!
new item

Figure 4.4: Logical databasemodel

is orthogonal to the surfaceand points out of the front side. It is usedfor
lighting calculation.

4.3.2 Scene database

The Scene database storesthe model and providesan editing interface. Fig-
ure 4.4 depicts a logical model of the database. The scenedatabase,or the
Scene, holds three singleobject slots to store the Background, the Viewpoint

and the Bounding Box. Two stacks store multiple Shapes and Lights.

An Object is added by pushing it on to the Scene, where it either replaces
an object in a slot or is addedon a stack, depending on the object type.

Any changesin the databaseresult in a refreshment of the display re
ecting
the new state of the Scene.

An undo operation can be performed for Shapes and Lights that pops the
topmost, or last added,object from the stack.

The Bounding Box is optionally and can be poped as well. A Background

and Viewpoint can be replaced,but have to exist.
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Figure 4.5: Shape objects

4.3.3 Shape

Shapes describe geometrical objects. Seven di�erent shape types are sup-
ported, which are depict in �gure 4.5. The objects are de�ned by vertex
coordinatesprobably given by data to be visualized,analogueto standard R
graphical data analysis. Normal vectorswill be automatically generatedfor
lighting calculations.

Points, Lines, Triangles, Quadriangles and Texts are primitiv e shapeswhile
Spheres and Surface are high-level shape types.

The Texts shape draws text labels using a bitmap font with horizontal text
alignment.

The Spheres shape describe a set of spheremesheswith a user-de�nable
radius per sphere. The Surface shape is adapted from R graphics plotting
function persp(), that generatesa height�eld meshusing x-grid and z-grid
vectorsand an y-heights matrix.
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Parameter Type Details

theta, phi polar coordinates position θ (−∞o;∞o) and φ [−90o; 90o]
fov angle �eld-of-view angle[0o; 180o]
zoom scalar zoom factor [0;1]

Table 4.1: Viewpoint parameters

4.3.4 Viewpoint

The Viewpoint navigation hasbeencarefully designedto achieve interactive
navigation while keepingthe focuson the data.

Navigation through pointing devicesrequirea constrainednavigation paradigm,
becausecommonpointing devicesprovide two degreesof freedomat a time,
while in three-dimensionalspacecomplexnavigation movements exist.

A viewpoint navigation model, where the Viewpoint is moving on a sphere
orbit that enclosesall shapes,has beendeveloped. The position is given in
polar coordinates using two angles,so that the pointing device is suitable
for controling the position. The camerais oriented towards the center of the
sphere,ensuring that the data is focused. Table 4.1 lists the parametersof
the Viewpoint.

The polar coordinatesaregiven usingtwo parameters,theta and phi, which
describe the azimuth angle θ and colatitude φ respectively. The φ angle is
locked between[−900; 900] to force usersto think in polar coordinates.

The fov parameter describes the �eld-of-view angle of the lens aperture,
while zoom is a scaling factor that results in zooming into the center of the
projection plane.

Button X-axis drag Y-axis drag

left θ angle φ angle
middle - �eld-of-view angle
right - zoom factor

Table 4.2: Dragging actions for interactive viewpoint navigation

Position, �eld-of-view angle and zoom can be controled interactively using
the pointing device. The pointer must be located in the devicewindow. A
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drag operation is launched by pressinga speci�c button (table 4.2). Moving
(dragging) the pointer acrossthe device window while holding the button
pressedwill modify viewpoint parameters. An immediate refreshment of
the display re
ects the changes.By moving the pointer while the button is
held pressed,parametersof the Viewpoint are modi�ed. When the button is
releasedthe drag operation completes.

4.3.5 Light

Parameter Type Details

theta, phi polar coordinates position
viewpoint.rel logical relative position to viewpoint
ambient color ambient light intensity
diffuse color di�use light intensity
specular color specular light intensity

Table 4.3: Light parameters

The Light object represents distancelight sourcesthat are positioned using
polar coordinatesanalogueto the Viewpoints. Parametersare listed in table
4.3. The parametersambient, diffuse and specular specify the intensity
that is emitted from the light sourcefor the particular material components.
The viewpoint.rel logical speci�es if the position is relative to the View-

point.

4.3.6 Background

Parameter Type Details

sphere logical sphericalbackground mesh
fogtype enumeration none, linear, exp or exp2

Table 4.4: Background parameters

The Background object is responsiblefor the decorationof the environment
including the background layer and atmosphericalfog e�ect. It simply �lls
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the background with a solid color or, if sphere is set TRUE, rendersan en-
vironmental spheregeometry, that is viewed from the inside. Color plate 5
and 6 depict a scenea with a spheregeometry. Color plate 5 displays a wire
frame of the spheregeometry, while color plate 6 usesa texture. Further, an
atmospherical fog e�ect can be enabled. Color plate 2 shows a scenewith
a Background, where a linear fog e�ect is enabled. A fog factor given by a
function f (z) (with z = the distanceof a vertex from the Viewpoint) is used
to mix the original vertex color with the background color. The fog factor
function can be speci�ed by fogtype, wherelinear is a linear function, exp
is an exponential function and exp2 is a squaredexponential function. The
fog e�ect is disabledusing fogtype = "none".

4.3.7 Bounding box

Parameter Type Details

xat,yat,zat numeric vector user-de�ned tick-marks
xlab,ylab,zlab character vector user-de�ned labels
xunit,yunit,zunit numeric value tick-mark unit length
xlen,ylen,zlen numeric value number of tick-marks
marklen numeric value tick-mark length
marklen.rel logical relative tick-mark length

Table 4.5: Bounding Box parameters

The Bounding Box decoratesthe data spacedescribed by the total extends
of all Shapes using an axis-alignedbounding box geometrywhere its inside
is displayed. As Shapes can be added or removed, the Bounding Box will
automatically re
ect the new data space.Tick marks can be given to mark
discrete values on the axis dimensions. Table 4.5 lists the parameters to
setup tick-marks and labels. Three di�erent axis tick-mark labeling methods
are available:

• The at-method is usedfor user-de�nedvalues.

• The unit-method automatically setsup tick-marks in unit steps.

• The len-method automatically sets up the speci�ed number of tick-
marks which are equally spacedacrossthe dimensionalextents.
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Each axis dimensioncan be applied with an individual axis scalingmethod.

1
2

3
4

tick mark

tick mark
length

Figure 4.6: Bounding Box tick-marks

The tick-mark length as depict in �gure 4.6 is de�ned by marklen and
marklen.rel and speci�es the length of the tick-mark line coming out of
the bounding box. If marklen.rel is TRUE, the tick-mark length is calcu-
lated using the formula

1

marklen × bounding sphereradius enclosingthe bounding box

This providesa quite constant length of the tick-mark, that is independent of
the actual data spaceextends. Otherwise,the length is taken from marklen.

4.3.8 Appearance

Appearanceinformation is encapsulatedin an object, that is implicitly con-
tained in the Shape, Background and Bounding Box objects. Table 4.6 lists
all parameters.The appearancede�nition hasbeengeneralizedusingonein-
terfacefor all objects that require appearanceparameters.Someparameters
do not have an in
uence and are ignored by several object types.

Geometryis drawn usingthe color values,that aregivenby the color vector.
The Texts shape usesonecolor per label. The Spheres shape usesonecolor
per sphere.All other shape typesuseonecolor per vertex. The Background

usesthe �rst color for solid clearing and fog e�ect, and the secondcolor for
the environmental spherecolor. The Bounding Box usesthe �rst color for
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Parameter Type Details

color multiple colors color or di�use component
lit logical a�ected by lighting calculation
specular color specular component
ambient color ambient component
emission color emissive component
shininess numeric value specular exponent ([0.0;128.0])
alpha numeric value alpha blending if alpha < 1
texture character string path to image�le
size numeric value sizeof points and lines
front, back enum facesiderenderedas

points, lines, �lled or culled
smooth logical 
at or smooth shading
fog logical a�ected by fog calculation

Table 4.6: Appearanceparameters

the bounding box geometryand the secondarycolor for axis tick-marks and
labels. The color vector is recycled in casethe number of colors does not
match the required size.

The lit logical speci�es if lighting calculation should be performed on the
associatedgeometry. Lighting calculation usesthe color vector asthe di�use
component, specular , ambient, emission and shininess to describe the
material.

Alpha blending is enabledfor alpha < 1.0.

2D Texture mapping is supported by Spheres, Background and Surface. A
pathnameof an imagepicture is given by texture. Spheres and the environ-
mental spheregeometryof the Background usesa sphericaltexture mapping
while Surface usesa xz-planetexture mapping.

The size parameter a�ects primitiv es that are renderedas points or lines
specifying the point and line pixel sizes.

front and back speci�es the facerenderingstyle for both facesides:

• point: Vertex points are drawn

• line: Edgesare drawn
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• fill: Faceis drawn

• cull: Faceget culled, thus is not drawn

Points and Lines shapesare not a�ected by the facerenderingstyle.

The smooth logical speci�es the shaderalgorithm. If set true, a gouraud
shaderis usedinterpolating colorsacrossverticesusingbilinear interpolation.
Otherwise 
at shadingoccursusing the �rst vertex color of a faceto �ll the
entire areaof the primitiv e. Color plate 2 shows the e�ect of smooth.

The fog logical, speci�es if fog calculation should be performed.

4.4 API

This sectionwill explain the Application Programming Interface of the RGL
package.

The RGL API contains 20 public R functions. Functions are pre�xed by
"rgl." to prevent name clashing with R graphics commands. SomeFunc-
tions provide a "..." (dot-dot-dot) argument, which is usedfor appearance
parametersthat aredispatchedto the rgl.material function. The functions
can be grouped into six categories(seeFigure 4.7):

• Device management functions openandclosedevices,control the active
devicefocus,and shutdown the entire system.

• Scene management functions provide a serviceto remove objects from
the scenedatabase.

• Export functions are usedto createsnapshotimages.

• Shape functions are usedto add shapesto the scenedatabase.

• Environment setup functions provide functions to replace the View-

point, Background and the Bounding Box, and a function to add Lights.

• One Appearance function, rgl.material(), actually sets up appear-
anceproperties.
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Device Management

rgl.open()

rgl.close()

rgl.cur()

rgl.set()

rgl.quit()

Shape Functions

rgl.points()

rgl.lines()

rgl.triangles()

rgl.quads()

rgl.spheres()

rgl.texts()

rgl.surface()

Environment Setup

rgl.viewpoint()

rgl.light()

rgl.bg()

rgl.bbox()

Scene Management

rgl.clear()

rgl.pop()

Appearance

rgl.material()

Export Functions

rgl.snapshot()

Figure 4.7: Overview of the RGL API

4.4.1 Device management functions

rgl.open()

rgl.close()

rgl.set(id)

rgl.cur() # returns id

rgl.quit()

Multiple devicescanbe openedsimultaneously. Onedeviceat a time hasthe
current focus of control from the R commandline. Each deviceis uniquely
identi�ed by an id which is of typeinteger. Onecanquery the id of the current
device by using rgl.cur() and can change the focus using rgl.set(id ),
analogueto the R devicemanagement functions dev.cur() and dev.set().

rgl.open() explicitly opensa newdevice,while rgl.close() explicily closes
the current device.

To force a completeshutdown of RGL, onecan issuergl.quit().
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4.4.2 Scene management functions

rgl.clear(type = "shape")

rgl.pop(type = "shape")

The functions removeobjects from the scenedatabase.The type argument is
a characterstring specifyingthe object type. "shape" and "light" selectone
of the two stacks, while "bbox" selectsthe Bounding Box slot. rgl.clear()
removesall objects of that type, while rgl.pop removesthe top-most object
from the stack. If type is "bbox", it will remove the object from the slot. If
no deviceis opened,the operation will fail.

4.4.3 Export functions

rgl.snapshot(filename, format = "png")

Export functions provide the serviceto save a snapshotto massstorageusing
a speci�c pixel-image �le format. The snapshot is taken from the current
device. If no deviceis opened,the operation will fail. Supported �le formats:

• PNG2

4.4.4 Shape functions

Add primitiv e Shapes

rgl.points(x, y, z, ...)

rgl.lines(x, y, z, ...)

rgl.triangles(x, y, z, ...)

rgl.quads(x, y, z, ...)

x, y and z are data vectors that de�ne verticesin space.

2Portable Network Graphics
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Add Text shape

rgl.texts(x, y, z, text, justify="center", ...)

The text argument is a vector of character strings. justify specifying
the horizontal text layout. Valid string valuesare: "left", "center" and
"right". The text vector is recycled,in casemore vertices are given than
character strings.

Add Spher es shape

rgl.spheres(x, y, z, radius, ...)

x, y and z arevectorsthat specify the centers of the spheres.The radius ar-
gument speci�es the radius per sphereand recyclesthe vector to the number
of centers given, if necessary.

Add Surfac e shape

rgl.surface(x, z, y , ...)

x and z specify a vector of grid unit valuesfor the x and z axis. y speci�es a
matrix of y valueswith the dimension: x-length × z-length. A surfaceheight
�eld meshis generated.

4.4.5 Environment functions

Replace Viewp oint

rgl.viewpoint(

theta = 0.0, phi = 15.0,

fov = 60, zoom = 0,

interactive = TRUE

)

interactive is a logical, specifying if interactive navigation using the point-
ing device should be enabled. Other parametersare described in detail in
section4.3.4.
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Add Light

rgl.light(

theta = 0.0, phi = 0.0, viewpoint.rel = FALSE,

ambient = "#FFFFFF", diffuse = "#FFFFFF", specular = "#FFFFFF"

)

Adds a Light to the database.Parametersare described in detail in section
4.3.5.

Replace Backgr ound

rgl.bg( sphere = FALSE, fogtype = "none", ... )

Parametersare described in detail in section4.3.6.

Replace Bounding Box

rgl.bbox(

xat = NULL, xlab = NULL, xunit = 0, xlen = 5,

yat = NULL, ylab = NULL, yunit = 0, ylen = 5,

zat = NULL, zlab = NULL, zunit = 0, zlen = 5,

marklen = 15.0, marklen.rel = TRUE, ...

)

Parametersare described in detail in section4.3.7.

4.4.6 Appearance

rgl.material (

color = "#666699", lit = TRUE,

ambient = "#000000", specular = "#FFFFFF",

emission = "#000000", shininess = 50.0,

alpha = 1.0, smooth = TRUE,

texture = NULL, front = "fill",

back = "fill", size = 1.0,

fog = TRUE )
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Appearanceproperties are de�ned using Shape and Environmental Setup

functions. The color data type usesthe form "#RRGGBB". For details on the
parametersseesection4.3.8.



Chapter 5

Soft ware Dev elopmen t

This chapter discussesthe software development including analysis issues,
the software architecture, software designand implementation details.

The chapter starts with an introduction to techniques that have been ap-
plied along the software development process. The methodology of object-
orientation will be outlined, including software patterns, UML diagram no-
tations and key featuresof the C++ programming language.

Afterwards,ananalysisof architectural issuesto implement the systemdesign
is given. This forms the basis for the designand implement, starting with
an over of the software architecture, which is then described in a bottom-up
approach with a varying level of detail, either looking at a module, classor
method level.

5.1 Object-orientation

The methodologyof object-orientation is usedin softwaredevelopment for de-
scribing real-world phenomenonson an abstract level, for modeling software
architectures and designs,and for the implementation using a programming
languagethat supports object-oriented techniques.

The object-oriented approach, as the name implies, regardsevery entit y as
an object, that can be characterizedby attributes and methods.

Attributes are of a certain data or object type and store information about
the object. Methods can be regardedas functions that are bound to objects

36
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and have accessto the attributes.

Objectsareabstractedusingclasses. A classde�nes the attributes and meth-
ods that an instance(or object) will have.

Classesare structured hierarchically by using the conceptof inheritance. A
subclassinherits all attributes and methods of the classesit inherits from in
the hierarchy.

Interfaces are de�ned as abstract classesthat declarethe methods without
implementation de�nition. Classesthat provide a certain interfaceare inher-
ited from the abstract classand implementing the interfacemethods.

Four generaltechniques,that summarizeobject-orientation, can be named:

• Classes do reducecomplexity through abstraction. Instead of de�ning
each object of a system, objects are generalizedto classes,and these
are de�ned.

• Data Encapsulation provides classdesignersthe abilit y to de�ne an
interface for it classes,which the client has to useto obtain data. The
internal structure of the object remainshidden from the clients.

• Inheritance is a techniquefor structuring classeshierarchically. Certain
conceptsin softwaredesigncanbede�ned onceand reusedin subclasses
through inheritance. Polymorphism and abstract interface de�nition
can be expressedthrough inheritance.

• Polymorphism is usedfor generalizingbehaviour for a group of objects
and classes.Objects can implement an abstract behaviour di�erently.
Clients do not have to know the exact object type when they deal
with that object as they call an abstract basetype method uppon the
unknown object.

5.1.1 Notation using the UML

The Unified Modeling Language, or UML, is a graphical notation systemto
describe object-oriented models. A small set of elements is usedthroughout
this chapter, which is depict in �gure 5.1. Classesare either drawn simple
usinga box, or detailedwith the relevant attributes and methods to describe.
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Figure 5.1: UML notations

Protectedmethodsaremarkedwith a \#", and areusedwhereit emphasizes
the design. Inheritance is expressedusing a triangle on a line, the triangle
points up to the baseclass,wherethe subclassinherits from. An association
between two classesis expressedby a line connecting the two classes.For
details about UML, see[16].

5.1.2 Software patterns

Patterns describe problems and show ways to solve them on an abstract
level. They can be tracked back into the 1970swherethe architect Christo-
pher Alexander[1] introducedthis technique to describe strategiesfor archi-
tects to solve problems using pattern descriptions. Software patterns were
�rst presented in the book "Design Patterns - Elements of ReusableObject-
Oriented Software" written by "the Gang of Four": Erich Gamma, Richard
Helm, Ralph Johnsonand John Vlissides[7].

Software patterns can help solving concreteproblemsor help �nding appro-
riate design[7] and architectural structures[6]. They document problemsby
describing the forceson the topic, give hints, solution approaches and the
consequencesfor the whole project. Software patterns do not provide exact
problem-solution descriptions. They describe commoncircumstanceson an
appropriate level abstracting the problem into a way, that the solutions can
be applyied in several domains.
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5.1.3 C++

The C++ languageis a successorof the C languageand belongsto the family
of compiled languageswhich executeat machine-level speed, in contrast to
R, which is an interpreted language. C++ is a hybrid language,providing
featuresfor procedural programming (C), genericprogramming (templates)
and object-oriented programming. Someremarkable languagefeatures,that
have beenusedto implement the software are brie
y described. A detailed
description of C/C++ is beyond the scope of this thesis. See[9] and [12] for
detailed information on the C languageand the Ansi C Standard. See[20]
and [8] for detailed information on the C++ languageand object-oriented
programming in C++.

Mo dularization

When building software in C++, the software project is split into modules.
A module typical consistsof three items:

• Source code (su�xed with .c,.C,.cpp or .cxx): The sourcecode im-
plements the module.

• Header file (su�xed with .h or .H): Public interface,classes,datatypes
and function signatures are held in the header �le. Other module
sources,that require accessto the module, include this �le.

• Object file (su�xed with .o or .obj): Compiled native machine code
and data.

A linker program is issuedto bind all object �les to an executableor library.

By applying the technique of modularization, the software implementation
can be divided into several moduleson a �rst decomposition level.

Ob ject-orien ted programming in C++

C++ supports object-oriented programming.

Classescontain data and method �elds and can inherit from multiple super
classes.Instances,or objects, are createdby a constructor which initialized
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a object to its initial state. A destructor is called when the object is about
to be deleted. Constructors and destructorsare chained acrossthe classhi-
erarchy. Baseclassconstructorsare called �rst. The actual classconstructor
is executedat last. Destructors are called in reversedorder.

Data encapsulationis supported by de�ning the accessto the �elds using
the keywords private, protected and public. Private �elds are accessable
exclusively by the class. Protected �elds are accessableby the class and
derived classes.Public �elds are accessableby all entities.

Class can be composed of objects. C++ ensures,that contained objects
are constructedand destructed automatically when the composite object is
constructedand destructed, respectively.

Polymorphism is used by declarea method virtual, so that subclassescan
overload the method with a speci�c implementation.

Abstract classescan be de�ned using pure virtual methods that do not pro-
vide an implementation. They can be derived but not instantiated.

Fundamental C datatypessuch as int (integer) and float (
oating-p oint)
provide builtin operator implementations for C operator symbols (" +", "-",
"/", "*", ...). In C++, custom classoperator functions can be de�ned. It
is usefull in caseswhere complex mathematical datatypes such as vectors
and matrices are designedand the symbolic expressionof the operators are
appropriate. The applicability of user-de�ned operators is constraineddue
to the �xed priorit y betweenthe operators built in the C++ compiler.

Virtual destructorsprovide an interfacefor destroying an unknown instance.
The client knows the baseclasswherethe virtual destructor is de�ned. The
destructor method call is delegatedto the speci�c destructor of the instance
classtype.

5.2 Analysis

The software designanalysis focuseson the device object and its environ-
ment. Figure 5.2 shows the device as a black box with its input/output
relations to the environment. Input requestscalls are coming from the R
systemdue to API calls. Input event messagesare sent from windowing sys-
tem to notify about user actions through the graphical user-interface. The
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Figure 5.2: DeviceInput/Output

deviceproducesrenderedcomputer-graphicsframesusing an OpenGL con-
text obtained from the windowing systemeach time the databasechanged.
Imagescan be exported to massstorage.

R providesan extensioninterface for new functions, asmentioned in section
2.4. It lacks the abilit y to extend its graphical user-interfacewith new com-
ponents. Functions must return control 
o w, otherwise R would hang up.
Therefore, the analysisexploresthe integration opportunities of the device
into R and the windowing system.

5.2.1 Shared library

The conceptsof shared libraries and linking are discussedin this section,
as it is the way of interfacing R with foreign code using a C or Fortran
interface. A shared library represents a container for code and data. In
contrast to executable�les, a shared library can not run standalone. It is
linked to a processat load- or run-time by the system loadersand linkers.
Load-time linkage is done when the executablewas dynamically linked to
a shared library. Run-time linkage is done dynamically at run-time using
the systemloader serviceswhich provides loading and unloading of a shared
libraries and locating of functions and data through symbols. This method is
commonly usedto support dynamic extensionswithout rebuilding the core
system. R supports dynamic run-time linkage of shared libraries. The R
function library.dynam() requeststhe system loader to attach a shared
library to the running R process. The function .C(symbol, parameters

...) is usedto locateand call sharedlibrary functions that are dynamically
linked to the R processat run-time.

For detailed information on system loaders, linking and operating system
speci�c issues,see[11].
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5.2.2 Windowing system

A windowing systemhasdirect accessto input (pointer, keyboard) and out-
put (graphics cards) devicesthat make up the foundation of the graphical
user-interface. It abstracts the direct accesslogically through windows -
rectangleportions on the screenthat can be managed. Windows represent
the generalinterfacebetweenapplications and the user. As the applications
and the windowing systemare not running in the sameprocessspace,they
communicate over messaging.The application runs in a main loop, waiting
for messages.When a messagearrives, it is evaluated and the application
reactsappropriately on it. Further, it sendsmessagesto the windowing sys-
tem requestingdrawing and management operations. With this technique
multiple applications can sharethe display and input devices.A typical gui
application sessionis given below:

1. connectthe windowing system

2. request the windowing system to create graphical user-interface re-
sources

3. run main loop until quit message

• wait for messages

• dispatch messageto appropriate handler function

4. disconnect

The dispatch mechanismhasnot beenmentioned sofar, though it is the cen-
tral point of interest for the integration process. When managingmultiple
graphicaluser-interfacecomponents in an application, an object-oriented de-
sign hasevolved over the years,wherethe evaluation of messagesis encapsu-
lated into the object,but not in the application. The dispatching mechanism
on the application sideroutesthe messagesaccordingto screenpositionsand
nestedparent-child window relations to a handling procedure.

R hasbeenported to three windowing systemswith slight di�erences in the
way the dispatching of messagesis implemented. R does not provide an
abstraction of the windowing system,neither an interface to extend R with
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newgraphicaluser-interfacecomponents sofar1, soit usescommoninterfaces
of the windowing system.

The Win32 API of the Microsoft Windows windowing systemusesa regis-
tration mechanism of a window classthat contains a pointer to a handling
function. Windows are createdby usinga speci�c class.The dispatch mech-
anism is provided by the Win32 API and usesthe class �eld to delegate
control 
o w to the handling function. This way, the RGL extensionregisters
a window classand can run in the sameGUI thread as R.

The X11 windowing system provides a low-level interface provided by the
Xlib library. It providesthe interfaceto wait for an event but the dispatching
must be implemented by the application.

Three di�erent implementation strategiesmust be concernedfor porting is-
sues:

• The windowing system provides a dispatch mechanism and registra-
tion service: The system runs in a single-threadedmodel where the
communication betweenAPI and deviceis donethrough direct calling.

• The windowing systemdoesnot provide a dispatch mechanism:

{ The windowing system is thread-safe. A separatethread runs a
main loop in parallel to the R main loop and processesits events.
The communication mechanism betweenthe API and the device
manageris implemented usingsharedmemorywith a synchroniza-
tion mechanism.

{ The windowing system is not thread-safe. A separateprocess
is launched managing the devices. The communication is done
through IPC2. This techniquemust beconcerned,if a multi-threaded
model would not work properly, due to components that are not
thread-safe.

One can comeacrossthe problem by abstracting threadsand implement the
systemusing messagepassingon an abstract level. This abstraction would
�t good into the R core, providing other packagesa general interface for

1this refers to the version 1.5.1 of R
2inter-process communication
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extending the R graphical user-interface. The current implementation was
developed on Win32 and usesa single-threadedmodel.

For more informations about this topic, and porting issues,see[10] for de-
tailed information on posix and SUN threads. Detailed information about
the X11 windowing systemis given by [14] and [15].

5.3 Architecture

api

scene

device

gui

devicemanager rglview

types math pixmap

pngpixmap

lib

win32guiwin32lib

client device

Figure 5.3: Overview of C++ modules

The architecture of the devicesystemis built using a foundation layer. Two
domainslogically split the devicesysteminto a client and a devicedomain.
Figure 5.3givesan overviewof all modulesdescribingthe architecture. Some
modules require platform-speci�c implementations, which are separatedby
pre�xing a platform identi�er (e.g. \win32").

The next sectionsdescribe each domain and its modules, starting with the
foundation layer, then focusing the scene module. Afterwards, the device
domain and client domain are discussed.

5.4 Foundation layer

The foundation layer providesservices,classes,utilities andabstractsplatform-
speci�c issuessuch as the windowing systemsand the library startup.
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The layer consistsof �v e modules:

types fundamental data typesand structures
math generalmathematicsand geometry
pixmap picture imageservices
gui abstract windowing toolkit
lib generallibrary services

5.4.1 typ es module

The types module provides constants, fundamental data types and data
structures.

Double-link ed lists

Node

Node* next;

Node* prev;

virtual ~Node();

List

Node* head;

Node* tail;

addTail(Node*);

remove(Node*);

deleteItems();

ListIterator

List* list;

Node* curr;

first();

next();

bool isDone();

Node* getCurrent();

RingIterator

set(Node*);

next();

Figure 5.4: Classdiagram: Double-linked lists

Double-linked lists are e�cien t data structures for managinga variable num-
ber of items. Figure 5.4 gives an overview of the classesthat are provided
to support this data structure. The Node baseclassis usedin conjunction
with the List classto implement the storageorganization. Items that should
be organizedin a double-linked list are derived from the Node class. The
nodesare linked by using two pointers, prev pointing to the previous node
or NULL (head of list) and next pointing to the next node or NULL (tail of
list). The List classholds the headand the tail of the list. The ListIterator

and RingIterator classesare provided for iteration in a List. The ListItera-

tor implements a sequencialiteration, while the RingIterator automatically
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recycles.A typical iteration in C++ is given below:

List* list;

ListIterator iter(list);

for( iter.first(); !iter.isDone(); iter.next() ) {

Node* node = iter.getCurrent();

// do something

}

The List::deleteItems() method destructs all items in the list by calling
the virtual destructor Node::∼Node().

5.4.2 math module

The math modulecontains classes,typesand functions that implement math-
ematical operationsand geometricalcomputations.

Vertex classes

Vertex

oat x,y,z

oat getLength();
normalize();
Vertex cross(Vertex);

oat operator*(Vertex);
Vertex operator*(
oat);
Vertex operator+(V ertex);
Vertex operator-(Vertex);
operator +=(V ertex);
rotateX(
oat degrees);
rotateY(
oat degrees);

Vertex4

oat x,y,z,w

oat operator*(Vertex4);
Vertex4 operator*(
oat);
Vertex4 operator+(V ertex4);

The Vertex and Vertex4 classesrepresent a vertex in 3D coordinates and
homogenouscoordinates respectively. Several operators for vector/vector
and vector/scalar arithmetic are provided. Rotation transformationsaround
the X and Y axis are supported.
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Matrix4x4 class

Matrix4x4

oat data[4*4];
Vertex4 operator* (Vertex4);
Matrix4x4 operator* (Matrix4x4);
Vertex operator* (Vertex);

The Matrix4x4 classimplements Matrix4x4×Vertex4, Matrix4x4×Matrix4x4

and Matrix4x4×Vertex multiplication. As OpenGL providestransformation
for rendering, this classis entirely usedfor evaluation of certain conditions
in spaceat the application stagebeforesendinggeometry. OpenGL can be
queried to get the current transformation, that can be written to an Ma-

trix4x4 object. Control points and normals using Vertex4 are then trans-
formed on the application stage. The Matrix4x4×Vertex operation is pro-
vided using w = 1.

Spher e class

Sphere
Vertex center;

oat radius;

A Sphere object describesa spherein three-dimensionalspace.

PolarCo or d class

PolarCoord

oat theta;

oat phi;

PolarCoord objects describe polar coordinates,which are de�ned by two an-
gles: θ (theta) speci�es the azimuthal direction while φ (phi) speci�es the
colatitude. Polar coordinates can be usedto describe orientations around a
center or to locate a point on a referencesphere,as usedby the Viewpoint

described in section4.3.4. This sectionwill describe the geometry transfor-
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Figure 5.5: Geometry transformation of polar coordinates

mations that are used in conjunction with polar coordinates to implement
orientation in polar coordinates. A world sphereis given asthe space,that is
observed by a viewpoint. Figure 5.5 illustrates the required transformations.

1. Translate center of the sphereto the origin.

2. Rotate θ degreesaround the y-axis.

3. Rotate φ degreesaround the x-axis.

4. Translate -radius units along the z-axis.

The transformation in OpenGL is de�ned in reversedorder and is given as
an examplebelow:

Sphere s;

PolarCoord polarCoord;

glMatrixMode(GL_MODELVIEW);

glLoadIdentity();

glTranslatef( .0f, .0f, -s.radius };

glRotatef( polarCoord.phi, 1.0f, 0.0f, 0.0f );

glRotatef(-polarCoord.theta, 0.0f, 1.0f, 0.0f );



CHAPTER 5. SOFTWARE DEVELOPMENT 49

znea r

zfar

x

y

z

bottom

left

top

right

Figure 5.6: Perspective viewing volume frustum

glTranslatef( -s.center.x, -s.center.y, -s.center.z );

Frustum class

Frustum

oat left,right;

oat bottom,top;

oat znear,zfar;
enclose(
oat radius, 
oat fov);

A Frustum is a geometrical object that is used for perspective projection.
It can be described as a head clipped pyramid where the pyramids top is
located at the origin. The bottom lies down the negative z-axis. Two planes
parallel to the xy-plane located by znear and zfar clip the pyramid to a
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Figure 5.7: Top-view of frustum enclosinga bounding spherevolume

frustum. The left, right, bottom and top parametersdescribe the planar
extendsof the frustum at the znearplane. The frustum de�nes the viewing
volume that is usedfor perspective projection as depict in �gure 5.6.

The enclose() method computesthe parameter of the frustum, so that it
enclosesa spheregiven by the parameter radius. The fov (�eld-of-view
angle) parameter decidesthe opening angle of the view volume and is ana-
loguesto the angleof a camerasaperture. Figure 5.7 shows the top view of
a frustum enclosinga spheregiven by the radius r and using a �eld-of-view
angle fov. The two right triangles are drawn in which are used to derive
the formula to solve the six parameters.By applying trigonmetrical laws on
the right triangle connectedby the points COP , T and C , the distanced is
computed as given in equation 5.3. The znear and zfar planesare derived
from d. The line length s is computedusing the right triangle connectedby
the points COP , B and A (equation 5.7). As the frustum is symmetrical
and equally spacedin x and y direction, s can be used for the parameters
left, right, bottom and top.
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α =
fov

2
(5.1)

sinα =
r

d
(5.2)

d =
sinα

r
(5.3)

znear = d − r (5.4)

zfar = znear + 2r (5.5)

tan α =
s

znear
(5.6)

s = znear tan α (5.7)

AABox class

AABox
Vertex vmin,vmax
invalidate();
bool isValid();
operator+=(AABo x);
operator+=(Sphere);
operator+=(V ertex);
Vertex getCenter()

The AABox classimplements a axis-alignedbounding box volumedescribed
by two vertices,vmin and vmax. \+ =" operatorsare implemented for three
di�erent geometry types (AABox, Sphere and Vertex ) that possibly extend
the boundingbox volume. The invalidate() method de�nes the AABox to
be invalid, or empty, while the method isValid() returns true if it is valid,
or not empty.
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5.4.3 pixmap module

Pixmap
int width,height;
unsignedchar* data;
init(width, height);
load(char* fname);
save(PixmapFormat* format
, char* fname)

PixmapFormat

checkSignature(FILE* �le);
load(FILE* �le, Pixmap* pixmap);
save(FILE* �le, Pixmap* pixmap)

The pixmap module provides the serviceto load and save pixel images. A
variety of formats exists to store pixel imageseither in memory or on mass
storage.Pixel imagesheld in memoryareoptimized for accessand arestored
in an application-speci�c format. When pixel imagesarestoredon massstor-
age,open �le formats with detailed headerinformation that usecompression
on the image data are commonly used. The Pixmap class is used as the
memory representation of pixel images,providing the imagedata in an un-
compressedformat. The format usesthreechannelsper pixel (red,green,blue)
with eight bits per channel. The renderengineusesthe load serviceto import
pixmaps to be usedfor texture mapping. The save serviceis usedto imple-
ment the snapshotmechanismprovided by the rgl.snapshot API function.
Loading and saving of pixmaps is implemented using the abstract interface
PixmapFormat to support multiple �le formats. A PNG pixel format handler
is implemented in the module pngpixmap using the free libPNG library.

5.4.4 gui module

The gui module provides an abstract windowing toolkit with support for
OpenGL contexts. The toolkit provides basic building blocks to implement
newgraphicaluser-interfacecomponents in a platform-independent way. The
software designis shown in a UML classdiagram depict in �gure 5.8. The
View baseclassis a logical area on a window. The Window classderived
from the View classand possessesa real window. The window implemen-
tation is encapsulatedthrough the interfaceWindowImpl which bridges the
abstract component hierarchy with an implementation hierarchy. This design
is adapted from the \Bridge" pattern and is described in detail in [7] page
151. Window Implementation objects providing the WindowImpl interface
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Window

View* child;

const char* title;

DestroyHandler* dh;

void* dh_userdata;

setWindowImpl(WindowImpl*);

setTitle(const char* title);

show();

resize(int w, int h);

paint();

closeRequest();

buttonPress(int bn, int x, int y);

buttonRelease(int bn, int x, int y);

mouseMove(int x, int y);

View

WindowImp*

int baseX, int baseY;

int width,height;

setSize(int w, int h);

setLocation(int x, int y);

update();

#paint();

#relocate(int x, int y);

#resize(int w, int h);

#buttonPress(int bn,int x, int y);

#buttonRelease(int bn, int x, int y);

#mouseMove(int x, int y);

#setWindowImpl(WindowImpl*);

WindowImpl

GLBitmapFont font;

bind(Window*);

setTitle(const char* s);

setLocation(int w, int h);

show();

update();

beginGL();

endGL();

swap();

GUIFactory

WindowImpl* createWindowImpl();

Win32WindowImpl Win32GUIFactory

win32gui module

Figure 5.8: gui classes
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Figure 5.9: printMessage() on Win32 platform

are created through the GUIFactory interface using createWindowImpl().
This mechanism has beenadapted from the \F actory Method" pattern (see
for details [7], page107). A platform-speci�c implementation requires two
things:

• WindowImpl is derived and the window object of the speci�c platform
is implemented there.

• GUIFactory is derived and the creation of the window object is imple-
mented there.

The combination of both patterns in a software design decouplesthe im-
plementation and abstraction. Extending the toolkit with new components
takes place in the abstract hierarchy, while new base servicesextend the
\Bridge" through inheritance of WindowImpl. The gui toolkit is a founda-
tion for future improvements of the RGL gui. Seesection7.2.5 for details.

5.4.5 lib module

The lib module provides an abstract interface for basic operating-system
servicesand is responsible for library initialization and shutdown.

Basic services

void printMessage(const char* string);

printMessage() prints a text messageto the user. On the Win32 platform
a typical messagebox appears(Figure5.9).
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Initialization and shutdo wn

Sharedlibraries provide an entry and an exit point. The implementation of
thesepoints is platform dependent.

On initialization, two things must be initialized:

1. a GUIFactory implementation (e.g. Win32GUIFactory) is instantiated
and a pointer to the GUIFactory interface (using casting) is stored in
the global guiFactory.

2. a DeviceManager object is instantiated and a pointer is stored in the
global deviceManager.

On shutdown, the objects must be destroyed in reversedorder:

1. the DeviceManager object pointed by deviceManager is destructed.

2. the GUIFactory implementation is destructed.

5.5 scene module

The module contains the Scene classthat implements the databasemanage-
ment and rendering. Furthermore, a classhierarchy of 15 databaseclasses
depict in �gure 5.10and several utilit y classes,including the Material class,
are provided.

5.5.1 Database

In section4.3, the logical model has beenexplained. This sectiondiscusses
the databaseimplementation details.

The databaseprovides a tiny interface of three genericmethods to edit the
scene:

class Scene { // ...

public:

void clear(SceneNode::TypeID selection);
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Figure 5.10: Classhierarchy of the scenedatabase

void push (SceneNode* node);

void pop (SceneNode::TypeID selection);

// ...

};

The interface is designedto be small, so that it can be extendedwith new
object typeswithout changingthe sceneinterface. Therefore,the object type
must be identi�ed at run-time.

Run-time typ e information

SceneNode
TypeID typeID;
# SceneNode(TypeID);
TypeID getTypeID();

The abstract SceneNode baseclassimplements the run-time type informa-
tion. It is derived from the Node class,so that SceneNode objects can be
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held in a List container.

The enumeration datatype TypeID is usedas the run-time type identi�er:

enum TypeID { SHAPE, LIGHT, BBOXDECO, VIEWPOINT, BACKGROUND };

Run-time type information requiresa consistent usageacrossthe classhier-
archy. All derived classesare forced to provide run-time type information.
This is guranteed through the constructor:

// protected constructor:

SceneNode::SceneNode(const SceneNode::TypeID inTypeID)

: typeID(inTypeID) { }

Derived classesare forcedto passa TypeID parameterwhen calling the Sce-

neNode constructor. As there is no default constructor, an error will occur
at compile-time if a derived classdoesnot call the SceneNode constructor in
a proper way.

Database structure

Scene
List shapes;
List lights;
int nlights;
Viewpoint* viewpoint;
BBoxDeco* bboxDeco;
Background* background;
AABox boundingVolume;
push(SceneNode*)
pop(TypeID)
clear(TypeID)
render(RenderContext*)

The shape and light stacks are implemented using the List container class.
The databasekeepstrack of the number of lights usingnlights asa counter,
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asthere is a limitation of eight lights maximum due to OpenGL3. Viewpoint,
Bounding Box (BBoxDeco class)and Background are held in single object
slots. They canbe replacedby newobjects. At minimum, the databasemust
hold a Viewpoint and a Background object.

As databaseobjects contain a TypeID, they can be identi�ed dynamically
at run-time. The client constructs the object and pushes it to the database.
The push() method checks the type information of the incoming object and
inserts the object in a proper way, adding Shape and Light objects to the
stacks, and replacingViewpoint, Background and BBoxDeco objects. pop()
and clear() are usedto deleteobjects from the database. The selection

parameterselectsthe object type where the operation should take place. It
shouldbeSHAPE, LIGHT or BBOXDECO. VIEWPOINT andBACKGROUND areignored
as Viewpoint and Background objects can be replaced, but not removed.
While clean() deletesall objects of a given type, pop() removes the top-
most object on the stack. As oneBBoxDeco object is held at a time, clear()
and pop() deletethe BBoxDeco object whenselection is set to BBOXDECO.

The total bounding volume of all shapes is stored in the boundingVolume

AABox object. Shapescontain aAABox, that is addedto the boundingVolume

to capture the new extends. When shapes are removed, the shape stack is
traversedto recalculatethe total extends.

5.5.2 Rendering

The renderingprocessis implemented in the Scene method render():

void Scene::render(RenderContext* renderContext);

The method is calledby the graphicaluser-interfacecomponent, whenpaint-
ing its surface.An OpenGL context must have beenobtained and activated
before method entry. The renderContext object is passedand contains
informations about the frame to be rendered.

3OpenGL gurantees a minimum of eight lights, implementation are free to support

more lights
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RenderContext
Scene*scene;
RectSizesize;
Viewpoint* viewpoint;
GLBitmapF ont* font;

The RectSize size object contains the sizeof the Window, wherethe render-
ing is rasterized.The GLBitmapFont object encapsulatesan OpenGLbitmap
font given by the graphical user-interface. The viewpoint �eld is explicitly
given, as future improvements are planed to support multiple viewpoints.

The rendermethod traversesthe databasein a speci�c order and calls meth-
ods to setup the OpenGL state machine, clear bu�ers, sendgeometryto the
pipeline and call Display Lists. The renderContext pointer is passedby
throughout the traversal. Di�eren t shape geometriesare supported by using
polymorphism.

The order of operations is described below:

1. Viewport transformation is setup accordingto the window

2. Depth bu�er, and optionally the color bu�er determinedby the back-
ground, are cleared

3. Lighting model is set up, light nodesare called for setup.

4. Background is called for rendering

5. Viewpoint is called for transformation setup

6. Bounding box, if present, is called for rendering

7. Solid shape nodes, that is shapes with alpha-blending disabled, are
called for rendering

8. Translucent shapes,are called for rendering

App earance

Appearanceproperties for geometryare implemented in the Material class.
It contains the attributes given in table 4.6 and is described in section4.3.8.
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The interface for OpenGL appearancesetup is explainednext.

class Material {

// ...

void beginUse(RenderContext* renderContext);

void endUse(RenderContext* renderContext);

void useColor(int index);

void colorPerVertex(bool enable, int numVertices=0);

// ...

};

A material is activated before the geometry is send,and deactivated after-
wards. The beginUse() method setsup OpenGL state variablesaccording
to the material attributes. The endUse() method restoresthe OpenGL state
machine. Somegeometryusesa color per vertex, which is implemented using
OpenGL vertex arrays. Others, such asthe SphereSet classuseonecolor per
sphere.The useColor() method is usedbetweengeometryobjects to switch
to the next color. The colorPerVertex() method togglescolor support for
vertex arrays and recyclescolorsaccordingto numVertices.

Shapes

Shape
Material material;
AABox boundingBox;
int dlistId;
virtual render(RenderContext*);
virtual draw(RenderContext*) = 0;

The abstract Shape classprovidesa genericinterfacefor renderingshapes. It
contains a Material object and usesan OpenGL Display List for optimized
appearanceand geometrydata transmission. The virtual render() method
implements the usageof Display List. In case,the render() method is called
for the �rst time, a Display List is initialized, the draw() method is called,
the Display List is stored and executed. Next time, when the render()

method gets called, the Display List is executedonly. The boundingBox

AABox storesthe extendsof the geometry.
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Implemen tation of new Shapes

This section discussesin detail, what is required to implement new shape
types:

1. Constructor implementation:

• The Shape constructor is called:

Shape(Material& in_material,

SceneNode::TypeID in_typeID=SceneNode::TypeID::SHAPE);

Afterwards, the shape contains a copy of in material in the
material �eld using the Material copy-constructor.

• If several featuresare not available, such as texture mapping, or
even lighting calculation, the features should be disabled in the
material object.

• Geometrydata, passedasconstructor arguments, is copiedor gen-
erated into geometry storage classesVertexArray, NormalArray

andTexCoordArray that support OpenGL vertex arrays, provided
in the scene module. The boundingVolume contained in the Shape

is modi�ed when new vertices are inserted to match the extends
of the shape.

An introspection of the material object givesseveral hints, what
geometryshould be generated:

{ If lighting is enabled,normals should be generatedfor faces.

{ If texture mapping is enabled,2D texture coordinatesshould
be generated.

2. draw() method implementation:

The draw method is usedfor sendingstatic geometryand appearance
information. A typical procedureis listed below:

(a) Material is activated by calling material.beginUse()

(b) Send geometry by using OpenGL commandsand the geometry
storageclasses.Switch current color inbetween,whereappropriate
by calling material.useColor().
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(c) Material is deactived by calling material.endUse()

3. render() method can be overloaded,if required:

If the default behaviour is not acceptable,the virtual render() method
can be overloaded.This hasbeendonein the Background class.

The seven shape classesPoints, Lines, Triangles, Quads, Texts, Spheres and
Surface di�er in the way the geometry is de�ned. A description is omitted,
as the generalconcepthasbeendescriped in detail.

Background

The Background classis usedfor Color Bu�er clearing,background geometry
renderingand fog parametersetup.

The Color Bu�er clearing is implemented using the method:

GLbitfield Background::setupClear(RenderContext* renderContext);

If the background spheregeometry rendering is enabled and the material
is set up to �ll the completeColor Bu�er, bu�er clearing can be ommited.
The method setupClear() is calledby the Scene::render() method which
returns a bit�eld 
ag that contains either GL COLOR BUFFER BIT (selecting
the clear bu�er to clear) or 0 (do not clear). The actual clearing operation
is implemented in the Scene::render(), wherethe Depth Bu�er is cleared
in parallel, as OpenGL suports multiple bu�er clearing at once.

The render() method overloadsthe Shape::render() method:

1. set up viewpoint orientation transformation

2. rendergeometryusingShape::render() which callsBackground::draw()
once,when compiling the displaylist and further calls the display list.

3. set up fog
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Bounding Box

The BBoxDeco implements the boundingbox asdescribed in detail in section
4.3.7. It has not beenderived from Shape, as it doesnot useDisplay Lists
due to its varying geometry. The drawing of the axis tick-marks dependson
the viewpoint location.

The inside visible faces(back faces)of the axis-alignedbounding box geom-
etry are drawn only. Axis tick-marks appear on the edgecontours of the
visible faces.Further, only the nearestcontour for a dimensionis taken.

The algorithm to solve this problem is given next:

1. The bounding box geometryis transformed in the application stage.

2. Visible facesof the bounding box geometry are drawn. An 8 vertices
× 8 vertex adjacent matrix is usedto mark the edgesthat are involved
when a faceis drawn.

3. The contour edgesare given by the adjacent matrix, that is, edgesthat
are connectedbetweentwo verticesonly once.

4. A static data structure, containing �xed edgelists to be usedfor label-
ing the three axis dimensions,selectsthe contour edgesfor a speci�c
axis labeling and and the nearest to the viewpoint of the selectionis
taken.

An exampleis given, illustrated in �gure 5.11

The picture to the left shows the meshstructure of the bounding box includ-
ing the vertex indices. As this picture is drawn in the standard coordinate
system described in section 4.3.1, the possiblecandidates for labeling the
three axis are given below:

Axis possible edges

x {1, 2}, {3, 4}, {5, 6}, {7, 8}
y {1, 3}, {2, 4}, {5, 7}, {6, 8}
z {1, 5}, {2, 6}, {3, 7}, {4, 8}

The picture to the right illustrates a samplesceneto be seenfrom the view-
point.

Visible faces:{2, 1, 5, 6}, {1, 3, 7, 5}, {1, 2, 4, 3}



CHAPTER 5. SOFTWARE DEVELOPMENT 64

11 12

13 14

15 16

17 18

mesh example

16

14

12

13

17

15

x z

y

Figure 5.11: Bounding box meshstructure (left) and examplewith contours
and axis (right)

Now, an 8× 8 adjacent matrix is build. For each visible facefour entries in
the matrix are made,using the row of the vertex index wherethe edgestarts
and the column of the vertex index wherethe edgeends.

v1 v2 v3 v4 v5 v6 v7 v8
v1 0 1 1 0 1 0 0 0
v2 1 0 0 1 0 0 0 0
v3 1 0 0 0 0 0 1 0
v4 0 0 1 0 0 0 0 0
v5 1 0 0 0 0 1 0 0
v6 0 1 0 0 0 0 0 0
v7 0 0 0 0 1 0 0 0
v8 0 0 0 0 0 0 0 0

The contours, depict asan itchedline in the �gure 5.11is evaluatedby search-
ing vertex pairs, that have an edgewithout a counter-part in the opposite
direction.

Contour edges:{2, 4}, {6, 2}, {4, 3}, {3, 7}, {5, 6}, {7, 5}

For each axis, the valid contour edgesare selected,and the nearestedgeto
the viewpoint is taken:
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X axis {4, 3}, {5, 6} → {5,6}
Y axis {2, 4}, {7, 5} → {7,5}
Z axis {6, 2}, {3, 7} → {6,2}

Translucen t rendering

When rendering translucent shapes, the depth bu�er is set read-only. Oth-
erwise,translucent shapesthat lie in front of othersand rendered�rst would
prevent translucent shapes in the back to be renderedafterwards. As solid
shapeshave beenwritten with depth bu�er in read-write mode, translucent
shapes will not be rendereduppon solid shapes that are in front of them.
With this technique, no surfacesmust be sorted and can be renderedin any
order. There is a draw-back with this mechanism. The alpha-blendedshapes
are renderedin a FIFO4 order as they appear on the stack. But to render
translucent imagescorrectly, the order must depend on the distance to the
viewpoint, rendering the polygons from far to near. Special treatment of
translucent primitiv esis planed for the future.

Viewp oin t class

Viewpoint
PolarCoord position;
bool interactive;

oat fov;
setPosition();
setFOV();
bool isInteractive();
setupTransformation();
setupOrientation(Sphere sphere);

The Viewpoint classimplements the polar coordinate navigation described
in section4.3.4. The implementation usesthe transformation of polar coor-
dinates that has been described in detail in section 5.4.2. It provides two
methods for polar coordinate transformation:

• setupTransformation() computesa referencespherefrom the total

4First-In First-Out
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bounding volume of all spheresgiven by scene,sets up the viewing
volumn as described in section 5.4.2 and transforms the model and
view accordingto polar coordinates.

• setupOrientation() implements the polar coordinate rotation only.

It also provides an interface to changeposition, �eld-of-view, zoom and in-
teractivit y, which is usedby the graphical user-interface component for in-
teractive navigation.

5.6 Device

The devicedomain consistsof three modules:

device deviceimplementation
rglview graphical user-interface component
scene databaseand renderingengine

The scene module has beendiscussedin section5.5. The rglview module is
described next, followed by the device module.

5.6.1 rglview module

The module rglview contains the RGLView class.

RGL View class

RGLView
Scene*scene;
Viewpoint* viewpoint;
RenderContext rctx
update();
snapshot();
#resize();
#pain t();
#buttonPress();
#buttonRelease();
#mouseMove();
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The classRGLView is derived from the View classprovided by the gui mod-
ule. It implements the graphical user-interface and is responsible for three
tasks:

• Launch a rendering job by calling Scene::render() and display it in
the window using double-bu�ering.

• Handling input-events coming from the pointing deviceand modifying
the Viewpoint object as described in section4.3.4.

• Exporting a snapshotto massstorageusing the pixmap module.

5.6.2 devic e module

The module device contains the Device class.

Devic e class

Device
Window* window;
RGLView* rglview;
Scene*scene;
push(SceneNode*);
pop(TypeID selection);
clear(TypeID selection);
export(in t format, const char*fname);

The Device classprovides the public interface of the logical device. It ini-
tializes a deviceappropriately, creating a Scene instance,RGLView instance
and a Window instance. A Scene object pointer is passedto the RGLView

object. The RGLView object is put into the Window object.

The push(), pop() and clear() methods are delegatedto the Scene object.
An additional update() method call on the RGLView object makes the
changesin the databasevisible instantly. The export() method is delegated
to the RGLView object.
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5.7 Client

The client domain consistsof two modules:

api C interfaceof the API
devicemanager devicemanagement logic

5.7.1 api module

The api module implements the C++ backend functions of the API. They
are pre�xed with \ rgl ". API functions are directly implemented in R.

The api module contains two global variables:

• DeviceManager* deviceManager: A pointer to a global object, that
is usedto obtain a handle to the currently active device.

• Material material: The material object contains the appearancein-
formation, that is last storeddueto the API function rgl.material().

The implementation backend is brie
y described:

• Shape Functions andEnvironment Setup functionsconstruct the appro-
priate databaseobject using the material object for appearanceprop-
erties. The object is pushedto the deviceobtainedby the deviceManager

object.

• Device Management function callsaredelegatedto the deviceManager

object.

• Scene Management and Export function calls are delegatedto the cur-
rently active Device object, obtained by the deviceManager object.

• The Appearance function rgl material() setsup the material object
accordingto the appearanceproperties.

5.7.2 devic emanager module

The devicemanager module contains the Device class.
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Devic e class

DeviceManager
Device* current;
List devices;
Device* openDevice();
Device* getCurrentDevice();
Device* getAnyDevice();
setCurrent(in t id);
int getCurrent();

The Device classholds all openeddevicesin the List devices. setCurrent

and getCurrent implement the rgl.set() and rgl.cur() API functions
that set and query the current devicefocus.

The current �eld points to the currently active Device object, which is
accessedby getCurrentDevice() or getAnyDevice():

• getCurrentDevice() returns a pointer to the current device,or if none
exists, return NULL.

• getAnyDevice() returns a pointer to the current device, or if none
exists, it opensa new device. The behaviour has beenadapted from
R, which hasbeendescribed in section2.2.2.

openDevice() explicitly createsa new Device instance and sets it as the
active one.

5.8 API implementation

The API implementation at the top-level is implemented in R. As the shared
libary hasbeendescribed in detail, the chapter completeswith a description
of the API implementation written in the R language.



CHAPTER 5. SOFTWARE DEVELOPMENT 70

R storage mode C type

logical int *
integer int *
double double *
complex Rcomplex*
character char **

Table 5.1: Data type mapping betweenR and C

5.8.1 Interface and data passing between R and C

R functions call shared library C++ functions5 using the .C(name, ...)

command. Arguments are passedusing a data type mapping schemegiven
in table 5.1. As R objects are stored in vectors, the C++ parametersare
pointers to data vectors. The data vectorsare valid until the C++ function
returns. If they must be stored for later use, they are copied into allocated
memory.

Someinterfacedesignconventions have beenused,that are listed below:

• Valuesof the samedata type are packed together into onevector.

• Data with varying length (e.g. geometry data) are added to the tail
of a �xed length vector when possible,otherwise passedas separate
vectors. The length is stored in a cell of an integer-type vector.

• Valuesare returned using named arguments. In C, a return value is
written in a cell that has beengiven as a pointer to it and is a tagged
value in R.

5.8.2 R functions

The R sourcecode is divided into �v e sourcecode units:
5C++ allows static functions to be declared as C functions, the implemention uses

C++ statements. Therefore, they are called C++ functions.
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zzz.R packageentry and exit code
internal.R internal functions

device.R devicemanagement functions and export
scene.R scenemanipulation, plotting and environment setup
material.R rgl.material

Most API functions are implemented by calling a counter-part function in
sharedlibrary:

• Appearance function: The rgl.material() function callsrgl material(),
that setsup the material object.

• Shape functions and Environment Setup functions: The \ ..." argu-
ment is passedto rgl.material() Afterwards, the actual counter-part
function getscalled,which constructsthe desiredC++ databaseobject
using the material object for appearanceparametersand passesit to
the device.

• Device Management, Export and Scene Management functions: These
functions call their counter-part C++ functions.

Internal functions are provided for data valueboundary checks, enumeration
datatype conversionbetweenR and C++ and data vector recycling.
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Examples

This sectiondemonstratesthe capabilities of the current RGL version with
someexamples.

6.1 Launching RGL

The RGL packagewill be distributed through CRAN and a Win32 version
is attached to this document.1

RGL is launched by entering the following command:

> library(rgl)

If no errors occur, the RGL device system is loaded and ready to receive
requests.The following line will open a devicewindow:

> rgl.open()

1Before making RGL publicly available, thorough testing is required.
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6.2 Statistical data analysis

6.2.1 Estimating animal abundance

Color plates 7 and 8 show a visualization model of animal abundancees-
timation [4] from di�erent viewpoints. The sampledensity is displayed in
topological terms, regionswith higher density are displayed with higher al-
titude and vice versa. Regionswith a density of zeroare displayed as rivers.

This landscape-likevisualization is carriedout usingaSurface shape. Futher-
more, Spheres are usedfor displaying the sampledpopulation. In this case,
the populations are characterizedby:

Parameter Characteristics

radius the sizeof the group
color gender: red = female,blue = male
alpha exposureof the group

6.2.2 Kernel smoothing

This exampleusesthe sm.library, that implements nonparametricsmoothing
methods described in [5]. Two randomly generatedsamplesfrom a standard
normal distribution are created.

n<-100; ngrid<-100

x<-rnorm(n); z<-rnorm(n)

The density surfaceis estimatedwith kernel smoothing:

smobj<-sm.density(cbind(x,z), display="none", ngrid=ngrid)

sm.y <-smobj$estimate

As the samplescome from a bivariate normal distribution, a parameteric
density surfaceis generatedusing the rangesof the samples.

xgrid <- seq(min(x),max(x),len=ngrid)

zgrid <- seq(min(z),max(z),len=ngrid)

bi.y <- dnorm(xgrid)%*%t(dnorm(zgrid))
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Now, the samplesare visualized as spheres,the estimated non-parametric
density surface and the density surface of a bivariate this sample using
rgl.spheres():

yscale<-20

rgl.clear(); rgl.bg(color="#887777")

rgl.spheres(x,rep(0,n),z,radius=0.1,color="#CCCCFF")

rgl.surface(xgrid,zgrid,sm.y*yscale,color="#FF2222",alpha=0.5)

rgl.surface(xgrid,zgrid,bi.y*yscale,color="#CCCCFF",front="lines")

A screenshot of this visualization is shown in Color plate 4.

6.2.3 Real-time animations

A round 
igh t animation can be createdby issueingfollowing commands:

example(rgl.surface)

for(i in 1:360) {

rgl.viewpoint(i, i*(60/360), interactive=F)

}

6.2.4 Image generation for animation

The examplefrom the above is slightly modi�ed, asafter each frame a snap-
shot is taken and saved to massstorage.

for(i in 1:360) {

rgl.viewpoint(i, i*(60/360), interactive=F)

rgl.snapshot( paste("d:/tmp/file",i,".png") );

}
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Summary and Outlo ok

7.1 Summary

This sectiongivesa summary of the work presented in the precedingchap-
ters. The major goal of this project was to implement a real-time rendering
packagefor R, that exploits the current situation on the graphicshardware
market, whereacceleratedgraphicshardware cardsare available for desktop
systemsat a low price, that would have cost a fortune, yearsago. OpenGL
has been choosenas the rendering platform, as it is portable acrossall R
platforms, and its scalability for acceleratedgraphicshardware is currently
well supported by hardware vendors.

What hasbeenevolvedactually, is a visualization devicesystem,designedfor
scientists and students usedto R graphicsplotting facilities. The adaptation
approach hasshown, that it is possibleto usethree-dimensionalvisualizations
in a quite sameway as using plotting devices,if somecore components are
well designed.Automatic adjustment of the viewing volume and the bound-
ing box allow the user to concentrate on the data visualization. Appearance
featuressuch as lighting, alpha-blending, texture-mapping and fog give an
addedvalue to visualizationsand possiblymotivate usersin long-term work
sessions.

The software designhas beenbuild with long-term goalsin mind and prof-
its from its solid architecture for cross-platformportabilit y and complexity
reduction due to modularization and object-oriented design.
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The following text is quotedfrom the README text�le contained in the R 1.5.1
source-code distribution:

\GO ALS [...] Longer-term goals include to explore new ideas: e.g. virtual
objects and component-basedprogramming,and expandingthe scope of ex-
isting oneslike formula-basedinterfaces. Further, we wish to get a handle
on a general approach to graphical user interfaces (preferably with cross-
platform portabilit y), and to develop better 3-D and dynamic graphics."

Hopefully, this packagewill have an impact on the further development of R.
The integration of plotting and visualization deviceswith a commoninterface
is desirably.

7.2 Outlook

As of the time of writing, RGL is in the version 0.60a. It is releasedunder
the GNU Public LicenseVersion2. The author will maintain the software in
the future, �xing bugsand extending the feature list. Several improvements
and ideasdid not get it into this �rst releasedue to time-constraints. The
following sectionswill brie
y list several improvements that are planed:

7.2.1 Ports

A port to X11 and Macintosh is planed (in that order).

7.2.2 Rendering improvements

• Optimizing the output quality (optional), usingthe accumulation bu�er
for e�ects such as depth-of-�eld, motion-blur and anti-aliasing.

• Renderalpha-blendedfacesin a z-distancesorted order.

• Visualize distancelights using lens 
ares e�ect.

• Support for vector fonts.
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7.2.3 Functionality improvements

• Interactive3D selectionand identi�cation techniquesanalogueto identify()

and locate() in the R graphical plotting facilities.

• Dynamic simulation visualizations e.g. time-seriesdata and scripting
to implement kinetics

• Import and export of scenesusing a subset of VRML97 and X3D1

formats.

7.2.4 Scene improvements

• PixmapSet shape: This shape type usespixmaps as baseprimitiv es.
Atmospherical clouds e�ects using alpha-channel pixmaps are consid-
ered.

• Bounding box : Axis labelsand separateaxis scalings.

7.2.5 GUI improvements

perspective view

xy view

xz view

yz view

Figure 7.1: Graphical user-interfacecomponent FourView

A graphicaluser-interfacecomponent is planed,namedFourView and depict
in �gure 7.2.5. It contains four child views, each rendering the data model

1more information of X3D, see http://www.web3d.org (2002-10-09)
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using di�erent projections. The view in the top right corner contains the
RGLView component. The other three views display an orthogonal projec-
tion and will be suited with an interactive traversefacility in spaceusing the
pointer device,so that particular regionscan be focused. The crossis used
to adjust the sizeof the child views by dragging it acrossin the component
area.

7.2.6 R programing interface improvements

• The visualization of data could be generalizedthrough a genericfunc-
tion, analogueto the plot() function in R.

This list of planed improvements is far from complete. Hopefully, the public
testing will yield many suggestions,which are gratefully acknowledgedand
most likely consideredfor the future versions.
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