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Sewage and industrial efluents from coastal cities are often discharged into the
adjacent sea after some land-based treatment. In modern design, the wastewater
is often discharged in buoyant jet groups from risers mounted on a submarine
outfall on the seabed to achieve rapid mixing of effluents with tidal flow. In
tradition, the submerged ocean outfall is built in scaled models to see the effect
of its design. However, building real life models is time-consuming and frequent
changes of design cannot be performed. There is a need for an interactive pro-

gram to visualize the design and allow quick response to changes.

In this thesis, a system for visualizing the ocean sewage discharge based on a
mathematical model for buoyant jets in currents will be presented. We will dis-
cuss the design, features and implementation of the system in detail. One of the
contributions of this thesis is the computer visualization system developed, called
VISJET. This system also illustrates how computer graphics and visualization
techniques can be used to help solving real life problems. This helps the engineers

to visualize data and understand the interaction among multiple buoyant jets.

Moreover, in this thesis, an in-depth discussion on transparency rendering
will be presented. When multiple jets are displayed, their trajectories tend to
appear in a cluster and may occlude each other. The mutual occlusion problem
can be eased if some of the jets are rendered in a semi-transparent manner.
Transparency is an important feature in rendering surfaces as we can see through
transparent or semi-transparent objects. An idea employing both octree and
binary space partitioning (BSP) tree, which are used separately in tradition, has
been implemented and the performance will also be described.
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Chapter 1

Introduction

1.1 Background

Sewage and industrial effluents from coastal cities are often discharged into the
adjacent sea after some land-based treatment. As shown in figure 1.1, sewage
and industrial effluents are produced and carried by the underground pipes. Af-
terward, the effluents are processed in the land-based treatment plant before
discharging into the adjacent sea.

In modern designs, the wastlewater is often discharged in the form of buoyant
jet groups from risers mounted on a submarine outfall on the seabed. A buoyant
jet is a continuous and steady discharge with an initial momentum. Rapid mix-
ing of the effluents with tidal flow can be achieved by jet group design so that
the water quality can be controlled to within acceptable levels. The hydraulics of
submerged buoyant jets is intimately related to the design of effective wastewater
disposal systems.

In tradition, the submerged ocean outfall was built in scaled models, with
plastic or concrete, to see the effect of its design. However, building real life mod-
els was time-consuming and frequent changes of design could not be performed.
There is a need for an interactive and low-cost software system to visualize the
design and allow quick response to changes.

In order to cater for this need, a visualization system called VISJET is devel-
oped. VISJET [4] is a visualization system for visualizing ocean sewage discharge
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Tunnelled Ocean Outfall for Sewage Disposal
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Figure 1.1: Sewage and industrial effluents (red arrow) are produced and carried
by the underground pipes. The effluents are processed in the land-based treat-
ment plant. The processed effluents (blue arrow) discharging into the adjacent

sea.

based on a mathematical model for buoyant jets in currents. It is a visual tool
to portray the evolution and interaction of multiple buoyant jets discharged at

different angles to ambient tidal current.
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Figure 1.2: A snapshot from VISET.

VISJET is the resulting system to be discussed in the following chapters and

forms the basis of this thesis.
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1.2 Motivation

One of the components in the visualization system is a mathematical model called
JETLAG [16]. JETLAG takes the ambient data and the information of the buoy-
ant jets and gives a 3D jet trajectory as output. This is essential for predicting

the effect of the discharge system design under the entire range of the ambient
conditions.

Traditionally, the data generated by JETLAG was displayed in numbers or
in two-dimensional graphs. However, the engineers cannot see the effect easily
by just looking at the numerical data produced by the JETLAG model. VISJET
can be used as a visual tool to depict clearly the evolution and interaction of
multiple buoyant jets discharged at different angles to ambient tidal current.

Secondly, JETLAG model does not produce the result of interaction among
multiple jets and VISJET provides a feature which computes the overlapping
region of two or more jets and displays the area and the concentration of the
region. The effluents from multiple jets in the outfall may result in mixing to-
gether in the region. As a result, the concentration of the effluents may rise to a
dangerous level which can cause hazardous effect to the environment and the liv-
ing organisms in the surrounding area. To keep the efluents concentration below
some certain levels is essential and to visualize the interaction among multiple
is helpful. This is important for environmental impact assessment and outfall
design.

Thirdly, building a sewage discharge system is costly in real life and changing
the design parameters cannot be interactive. VISJET allows rapid changes of
design parameters and can be used to show the effect under different design
parameters interactively. Also, setting up a computer visualization system is less

costly.

1.3 Contribution

The main contributions of this thesis are:

e VISJET, the computer visualization system.
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o To show how computer graphics and visualization techniques can be used
in engineering and solving real life problems.

e To discuss how to develop a computer visualization system for visualizing
the submerged buoyant jets. This includes the design of a computer visual-
ization system, the features in the system, the problems encountered when
developing the system and the approaches we used to solve these problems.

e To discuss the issues on transparency rendering and computation of over-
lapping region.

1.4 OQutline of the thesis

In this chapter, we have introduced the computer visualization system to be
discussed. The background and motivation to develop the system have also been
presented. In the following chapters, we will organize the contents as follows:

e Chapter 2 will discuss the previous work in scientific visualization. We
will discuss other systems related to visualizing ocean data and discuss the
differences between those systems and ours.

e Chapter 3 will describe the overview of our computer visualization system.

This will include the main components in our system.

o Chapter 4 will present the detailed discussion of the features in the visual-
ization system.

e Chapter 5 and 6 will present two problems — transparency rendering and
computation of overlapping region — encountered when developing our sys-
tem and our approach to solve these problems will be discussed.

e Chapter 7 will present the issues which can be leaded to further research.
These issues include the use of color in representing the concentration of
the efluents and how to increase the realism of movement of fluids.

e In Chapter 8, the conclusion for the thesis will be presented.



Chapter 2

Previous Work

2.1 Scientific Visualization

Scientific visualization has long been one of the most significant research top-
ics in computer graphics. The basic idea of scientific visualization is to use
computer-generated pictures to display information and perform data analysis.
Computer-aided design, finite element analysis, simulation, and computational
fluid dynamics analysis are just few examples to which visualization can be ben-
eficial.

2.2 Visualization Systems on Ocean Data

Recently, visualization on environmental data has become a hot topic. Xiao et
al. [31] discussed the challenges in visualization of environmental data. Several
systems have been developed for visualizing environmental data. A system for
visualizing rainfall events has been developed in [27] and information on the
mesoscale of rainstorms is obtained. Nations et al. [19] developed an interactive
system of ocean circulation models. The traditional software for ocean modeling
was a batch job and the data generated would be written to a file. The data gen-
eration and the visualization of the data generated were two separate software
system and had to do separately. Their work is to provide an interactive tool to
visualize the model as soon as it is generated. Moreover, the system developed by
Nations et al. provides user the capability to change the parameters and visualize
the results interactively.
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Rona et al. [21] has used acoustic imaging and visualization methods to vi-
sualize and analyze thermal plumes discharging from hot springs on the seabed.
Their focus is to compare the data from observations and the predictions from
the plume theory. Their system and ours are both motivated by visualizing the
plumes discharge. However, their data are the thermal plumes discharging from

submarine hot springs while we try to visualize the effluents discharge from the
ocean outfalls.

The visualization system of water quality data developed by Forgang et al.
[7] is similar to our system in several ways. Both systems are visualizing environ-
mental data and are used in the analysis of water pollution problems. However,
the usage of their system is to compare simulated and measured water quality
data, while our main focus is to assist the engineers to design a sewage discharge
system.



Chapter 3
System Overview

The purpose of the computer visualization system is to provide a tool for engi-
neers to visualize the effect of having multiple buoyant jets discharged from ocean

outfalls. An ocean outfall is shown in figure 3.1.

VISJET
Computer Ocean Outfall Modelling System

Submerged ocean outfall

Figure 3.1: Ocean outfall with vertical diffusers: The volcano-like structures are

the sewage outfall diffusers for discharging effluents.

The basic requirement of developing such a system is to show the output data

7
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of the mathematical model, JETLAG, in three-dimensional graphics. Having this
system developed can help the engineers to design the sewage discharge system
which consists of multiple buoyant jets discharging. This system has to produce
three-dimensional visualization for the user to investigate the properties of jets
with direct and intuitive visual aids. Moreover, the interaction among multiple
jets has to be visualized in the system. This is essential to the study of outfall
design and environmental impact assessment.

In the following sections, we will discuss the two main components of the
system: JETLAG computational model and computer visualization system.

3.1 JETLAG Model

In the study of outfall design and environmental impact assessment, it is desirable
to take into account the effect of an ambient current on the initial mixing of buoy-
ant wastewater discharges. The prediction of the concentration of a pollutant or
passive scalar along the unknown jet trajectory of a buoyant efluent discharge is
a complicated fluid mechanics problem which is not fully resolved. JETLAG is
a Lagrangian model which has given reasonably good predictions for this problem.

JETLAG is a mathematical model for buoyant jets in currents, based on the
Lagrangian model. It allows the user to find the trajectory of fluid coming out
from a submarine jet, under the effect of ambient water currents. JETLAG is
usually applied to the field of sewage discharge in order to predict the flow of
pollutants. However, JETLAG model does not produce the result for the inter-
action among multiple jets.

JETLAG model uses the initial jet orientation, the jet discharge parameters,
the ambient tidal data and the density profile of ambient water as input param-
eters. The model will gives a three-dimensional jet trajectory as output. The
trajectory is represented by a circular disk structure. In figure 3.2, the disk-like
structure is shown and one disk is shown in every five steps in the movement of
the effluents. Each disk represents one step in the calculation. In every step, the
concentration of the effluents is assumed to be constant and this assumption is
used in finding the concentration in the overlapping region in section 6.
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Figure 3.2: An illustration of the output data of JETLAG. In this example, one

disk is rendered for every five steps in the movement of the effluents.

A jet is a continuous and steady discharge with an initial momentum. An

example of jet is shown in figure 3.3.

Figure 3.3: An example of jet.



CHAPTER 3. SYSTEM OVERVIEW 10
3.2 Visualization System

For the graphics part of the system, a few design issues have to be addressed.
The design issues include:

e The system should be able to visualize flow data with a sense of high realism.
Ambient factors and objects in the surrounding environment should be
displayed to provide a proper context for the user to visualize the flow data.
This allows the users to have a better sense of realism and the relationship
between virtual environment and reality.

e The users can interactively control the viewpoints and take a close-up pic-
ture. This allows the users to navigate in the virtual environment.

¢ The system should be able to allow the users to make frequent changes to
the design parameters and the effect should be shown interactively.

e The evolution of jets can be visualized using animation. Animation can be
used to display the evolution of jets and to show the effect of the interaction
among multiple jets. This can provide the users with better understanding
of the flow data shown.



Chapter 4
Detailed System Features

In this chapter, the features supported in the system will be discussed in details.
Also, the reasons of having these features and how these features can be used to

help the users will be presented.

4.1 Input Interface
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Figure 4.1: Input interface for changing design parameters.
The input interface, as shown in figure 4.1, is used to let the user input the

11
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design parameters. The design parameters include the initial jet orientation, the
jet discharge parameters, such as the initial velocity and initial effluent concen-
tration, the ambient tidal current data and the density profile of the ambient

water.

4.2 Visualization

In this section, we will discuss the features provided in the system to visualize
the flow data.

Figure 4.2: Rosette-shaped buoyant jets (overhead view): The effluents are being

discharged in six jets.

4.2.1 3D display

The spatial structure of the jets is displayed using 3D color graphics. The users
can move the virtual viewpoints to get a different view of the jets. The new view
will be displayed instantly to give the user real-time visual feedback when the
viewpoint is adjusted. The system allows the users to take a close-up view to

look at the details of the jets. Examples are shown in figures 4.2 and 4.3.

4.2.2 Representing the flow data

Fluid flows visualization is one of the common areas in scientific visualization.

However, there is no obvious solution developed for representing flows. Many
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Figure 4.3: Rosette-shaped buoyant jets (perspective view).

Figure 4.4: A snapshot from the system. This shows the jets are confined within

a certain layer in the water, which is the result of different input parameters.

different approaches have been developed. Common approaches in presenting
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data of a fluid or flow in scientific visualization include the use of particles [20],

streamlines [14, 15] or surfaces [11]. A study by van Wijk [28] shows that each
of them has its advantages and shortcomings.

Particles techniques have been used widely in visualizing flows. A particle is
inserted into the flow and the motion of the particle shows the flow. This is the

simplest way to do the job. Particle system has been used in animation, such as
fireworks.

Another important technique in visualizing vector field is the use of stream-
lines. A streamline is the path of a particle in the flow. Streamlines have been
used in several applications, such as turbulence. One form of streamlines, vector
arrows, is used in depicting the flow in the studies by Kenwright {14]. UFAT
[15] uses so-called streaklines, which are similar to the streamlines for visualizing
time-dependent flow fields.

Stream surface has also been used in displaying flows. Instead of tracing par-
ticles in the case of streamlines, stream surfaces are the results of tracing lines

or curves. Hultquist [11] has developed an algorithm to construct stream surfaces.

Brill et al. [1] introduced a technique called streamball for visualizing flows.
The technique allows visualizing the flows with convergence or divergence.

Another approach in representing the flow data is to display the data in
volumes with textures mapped onto the volume to represent the vector fields.
Forssell [8] used the technique called Line Integral Convolution (LIC) for show-
ing the vector fields. The use of LIC can provide a sense that the vector fields

are in motion.

In our system, the results produced by the JETLAG are shown in the form
of surface models. We choose to use surface models because surfaces can be
rendered easily and having a good quality even with limited resources as in the
case in most personal computers. The contribution of our work is to provide
a tool for changing the design parameters of ocean outfalls and visualizing the
effect of having multiple buoyant jets interactively. Moreover, our main concern
is to show the volume confined by the boundary and the interaction between
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these volumes. The ease of rendering and handling of surfaces proves to be an
advantage over the other means of presentation of data.

4.2.3 Animation

Animating the evolution of jets can enhance the understanding of the data dis-
played. This provides the user with a sense how the fluid discharges from the
ocean outfalls and how multiple jets interact with each other. Some of the frames
showing the evolution of a jet is shown in figure 4.5.

Figure 4.5: Animation of a jet (left to right, top to bottom).

4.2.4 Realism of ambience

In order to provide a high sense of realism, we display some reference objects.
This can help the users to understand the orientation in the virtual environment
better. Also, we display some ambient factors, such as the direction of ambient
tidal current, to provide a proper context for the data to be visualized. Display-
ing the ambient factors can help in understanding the relationship between the
ambient factors and the evolution of the jets. In figure 4.6, the risers mounted
on the outfall are shown while the direction of the ambient current is shown as
an arrow. Moreover, images (figure 4.7) are texture-mapped to provide a sense

of being in the underwater environment.
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Direction of
ocean current
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Figure 4.6: Sewage outfall riser.

4.2.5 Color coding

Color is assigned to different points of jets according to the concentration of the
effluents. This feature depicts the data visually to the users. In the current
implementation, a scale similar to the visible spectrum is used, with lower con-
centration is shown with color closer to blue and color closer to red is used to
represent higher concentration. The changes of the effluents concentrations at
most points are not significant and so, the color of the jets in most figures shown
appears blue. In figure 4.8, the beginning part of a jet is shown in which there

are colors other than blue.

4.2.6 'Transparency

When more than one jet are displayed, they tend to appear in a cluster and
some jets cannot be viewed clearly from certain viewpoints. The mutual occlu-
sion problem can be eased if some of the jets are rendered in a semi-transparent
manner. Figure 4.9 shows the result when one of the jets are highlighted by
displaying it in colors while the others are rendered in semi-transparent manner.
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Figure 4.7: Textures used in the virtual environment for providing a sense of
realism: (top left) Texture for seabed, (top right) Texture for water surface,

(bottom) Texture for blending the seabed and the surface.

Figure 4.8: The beginning part of a jet.
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However, to render the jets with transparency correctly is not simple. This
requires a correct rendering order and this order is not easy to be found. An

in-depth discussion on transparency rendering will be presented in section 5.

Figure 4.9: A jet is displayed in colors while the others are made semi-transparent.

This can highlight a particular jet.

4.2.7 Color animation

In order to provide the users with a sense that the fluid is flowing in the virtual
environment, color animation is employed to show the effect. Color bands on the
surface models are moving in the direction of jet evolution. We have used grey
bands in our system. Originally, the colors on the jets are from the color coding
scheme. When color animation is enabled, the original color is replaced by grey
bands momentarily. In next frame, the color is reverted to the color-coded one
and the grey bands are advanced to the subsequent part of the jet. The process

is illustrated in figure 4.10.
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Figure 4.10: In first frame, original color is replaced by grey bands(left). In next
frame, the bands are advanced (right).

4.3 Data Analysis

4.3.1 Data interrogation

This feature allows the user to interactively retrieve the data values defined at a
point. The user can locate the point of interest by clicking the mouse and the
data values, such as velocity and the effluent concentration at the point, will be

displayed in the dialog box. An example is shown in figure 4.12.

Moreover, the user can select a particular jet and retrieve the data values or
design parameters of the jet by using a mouse. Design parameters associated
with the selected jet, such as the initial velocity, the initial efluent concentration

and diameter of the outlet, will be shown in the dialog as in figure 4.11.

4.3.2 Jet inspection by intersection

Horizontal planes at different altitudes are used to intersect one of the jets or all of
them. By observing the resulting section, the user can have better understanding
in how each jet evolves and more important, the interaction among multiple jets.
This is helpful in understanding the effect of mixing the jets in different water
depths.
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Figure 4.11: When the user selects one of the jets, the parameters about that jet
will be displayed in the dialog.

Figure 4.12: The data values defined at a point will be displayed when the user

clicks on the point of interest.
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4.3.3 Computing overlap among multiple jets

The engineers are interested in the situation when 2 or more jets may overlap
with each other. This may signal that the concentration of pollutants in the over-
lapping region exceeds some threshold or reaches a dangerous level. This feature
computes and displays the area of and the concentration in an overlapping region.
The user can specify a cutting plane and the information of the intersections of
jets at that particular plane will be shown, as well as the distribution of the

concentrations of the efluents. An example is illustrated in figure 4.13.

Figure 4.13: Results of computation of overlapping among multiple jets.

To obtain global information about the evolution of jets and how the jets in-
teract, the user can use a series of parallel probing planes. This helps in revealing
the distribution of the pollutant concentrations over time and at different places.

The details of the computation will be discussed in chapter 6.
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Transparency Rendering

5.1 Transparency

Transparency is an important feature in rendering surfaces. Specular and diffuse
reflections can be present in surface rendering, but the feature which allows light
to pass through cannot be ignored. We should be able to see through transparent
or semi-transparent objects.

There are two main approaches in modeling transparency. The simpler one
is called nonrefractive transparency, which ignores refraction in rendering trans-
parency. This approach is simple and easy to implement but this is not realistic
enough. The other approach is refractive transparency. On one hand, the result
generated is more realistic. On the other hand, it is much more difficult to model
than in nonrefractive counterparts. After considering the trade-off between effi-
ciency and realistism, we decided that the emphasis will be put on nonrefractive
transparency and when the word transparency is used, it means nonrefractive

transparency hereafter.

5.2 Background

When multiple jets are displayed, their trajectories tend to appear in a cluster
and may occlude each other. This situation is illustrated in figure 5.1. This can
be avoided by highlighting one of them and making others visually less conspic-
uous. One approach is to display all or most jets in a semi-transparent fashion.

22
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Figure 5.1: In some cases, when multiple jets are displayed, their trajectories

may appear in a cluster and occlude each other.

In our system, the jets may be rendered in an arbitrary order. However,
standard z-buffer technique in computer graphics area may not be able to render
the transparent jets properly and we have to find a new solution to display them

correctly.

5.3 Problem Statement

Our goal is to find a method for rendering transparency correctly and efficiently.
In our system, the data are visualized in the form of polygons and surfaces. Thus,
in searching for a method to tackle this problem, we have a restriction that it

must be applicable to polygons and surfaces.
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5.4 Previous Work

There are two main approaches in rendering transparency. One of them is to
employ the techniques in visible surface determination [6]. The other approach
is to use the results in solving the problem of aliasing. In particular, two data

structures, octree and binary space partitioning tree, used in visible surface de-
termination will also be presented.

5.4.1 Using visible surface determination

Visible surface determination is one of the fundamental tasks in computer graph-
ics. The goal is to determine which lines or surfaces of the objects are visible. One
way of determination is to find a visibility order corresponding to a viewpoint
such that a correct picture results if the objects are rendered in that order. A
visibility order is an order of rendering such that if an object A occludes another
object B, the order of rendering will render object B before object A. Visibil-
ity ordering can be used in transparency rendering as the color can be correctly
blended if the objects are rendered according to the order.

There are many algorithms for solving the problem of visibility determination.
In the following, we will discuss some works on this problem.

The use of occlusion graphs [26] resolves the visibility problem based on the
pairwise occlusion relation. The occlusion relation defines as follows: an object
A occludes another object B means that there exists a ray from the eyepoint
intersects A before B. A directed graph, called the occlusion graph, is formed by
adding all pairwise occlusion relations from the objects in the scene to the graph.
The visibility order can be found correctly using this approach. However, the exis-
tence of cycles needs extra care and the cycles have to be treated in a special way.

The problem of cycle can be illustrated as follows: Let A, B and C' be planar
surfaces and the sequence of rendering based on a pairwise occlusion relation is
that C should be rendered before B, B before A and A before C. It should be
noticed that there is a cycle in the order. One possible situation of cycle is shown

in figure 5.2.

Whenever there exists a cycle, the easiest way to break the cycle is to split
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Figure 5.2: (a) A cycle exists. (b) By splitting polygon B, the cycle is broken.

one or some of the conflicting polygons. However, if the number of cycles is large,
splitting will cause the problem of increasing the number of polygons significantly.
This will degrade the performance of the algorithm.

Another approach uses meshed polyhedra [29, 25] to obtain a total order of
cells. The total order is also based on the occlusion relation mentioned above.
However, the method does not perform well if the cells are non-convex polyhedra
and they are intersecting. Also, the algorithms can only detect the existence of
cycles but cannot provide a solution if there is one. The users have to tackle the
problem of having cycles themselves.

5.4.2 Using antialiasing algorithms

Some of the algorithms used in transparency rendering are based on the solutions
for the problem of aliasing. Aliasing is the result of information loss due to sam-
pling. To solve this, increasing the number of samples per unit area is the only
means and having more than one sample for each pixel is called supersampling.
However, the drawback of supersampling is the requirement of large memory.

Some algorithms have been proposed to solve the problem. A-buffer [3], a de-
scendent of Z-buffer, is a hidden surface technique which can solve the problems
such as antialiasing and transparency. The algorithm can render transparency
correctly if there are no interpenetrating semi-transparent surfaces. One draw-
back is that the algorithm requires the visible transparent polygons to be sorted
in Z for correct rendering of transparency. Also, sorting needs the information of
the polygons which cannot be discarded until the rendering process is finished.
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Thus, the amount of memory required is enormous. EXACT (24] is one of the
modification of A-buffer. Similar to A-buffer, polygons are maintained.

3 . - . . . » .
Z° [12] is an algorithm which provides antialiasing and order-independent
transparency. In most cases of having interpenetrating transparent surfaces, it

correctly solves the aliasing problem while this cannot be done correctly in the
original A-buffer algorithm.

Kelley et al. [13] proposed another modified version of A-buffer in which the
algorithms are based on a hardware architecture which performs front-to-back
Z-sorted shading. The algorithm used to render transparency requires sorting
and the polygons may be required in multiple passes. It uses a small and fixed
amount of memory per pixel. However, when there are many transparent ob-
jects, the performance will be low. The algorithm suffers from the problem of
multi-pass rendering.

The accumulation buffer [9] can maintain the quality produced by supersam-
pling with less memory, but its multi-pass characteristics degrades the perfor-
mance. The methods in a modified version of A-buffer [30] also requires multiple
passes of the objects.

5.4.3 Octree

Octree [6, 22] is a spatial partitioning representation. The idea of the octree is
the divide-and-conquer approach. A octree is built by subdividing the 3D scene
in all three dimensions into 8 octants and we can label them from 0 to 7. Let the
cell at lower-left corner be 0 and that at the upper-right corner be 7. An example
of space represented using an octree is shown in figure 5.3a.

Using octree in visible surface determination bases on the property of the
non-intersecting structure of the octants. Octree is spatially sorted for correctly
displaying the 3D scene. The visibility order can be found by traversing the
octree. A correct visibility order can be obtained by rendering the farthest octant
first, then its three neighbors, then the three neighbors of the closest octant and
finally the closest octant. If the octant contains children, the same traversal
order will be applied recursively. For example, in figure 5.3b, a possible order of
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Figure 5.3: Octree: (a) An example of octree. (b) From viewpoint V, a possible

order of rendering is 0, 1, 2, 4, 3, 5, 6, 7. (Cell 0 is at the lower-left corner).
(Based on [6])

rendering with respect to viewpoint V is to render cell 0 first, followed by cells

1, 2,4, 3, 5, 6 and finally cell 7 and their children can be rendered in the same
order.

5.4.4 Binary space partitioning tree

Binary space partitioning (BSP) tree [6] is a binary tree for partitioning space
by polygons. It is a method in finding the visibility order among polygons in 3D
space. The idea of BSP tree is that if there is a polygon R and the plane con-
taining R is used partition the polygons into two groups, front and back, relative
to the surface normal of R and if the viewpoint is in front of R, the polygons in
back group cannot occlude those polygons in front group while polygoens in front
can occlude those in back.

The algorithm of building a BSP tree is as follows:
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Figure 5.4: BSP tree: (a) 2D view of a scene. (b) Resulting BSP tree with
polygon 3 as root.

1. Choose a polygon R as the first partitioning plane and
this is the root of the BSP tree.
2. The polygons in the 3D scene will be partitioned into 2 groups,
front and back, relative to the surface normal of R.
3. If there is a polygon A which lies on both sides of the plane containing R,
a. A will be split into 2 parts
b. Front and back parts will be put into the corresponding group.
4. The front and back groups will be the child nodes of R
5. This process will be recursively performed by the children

until every node contains only one polygon.

Once the BSP tree is constructed, the BSP tree can be traversed in linear time
for displaying the scene in a correct visibility order, even when the viewpoint is

changed.

The algorithm for displaying the polygons in the BSP tree is as follows:
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1. If the viewpoint is in front of the root polygon,
a. Display the polygons in back child.
b. Display the root polygon.
c. Display the polygons in front child.
2. Else
a. Display the polygons in front child.
b. Display the root polygon.
c. Display the polygons in back child.

If the viewpoint is in front of the root polygon and if we hope to get a correct
visibility order, all the polygons in back child should be rendered before the root
polygon and the root polygon should be rendered before those in front child.
Similarly, this is true for the viewpoint being in back child. If the viewpoint lies

on the root polygon’s plane, either way will get a correct result.

5.5 Our Approach

In current implementation, we use a combination of octree and BSP tree, which
are usually used separately in tradition. First, we partition the whole space using
an octree. The partitioning process will go on until the number of polygons in
one cell is smaller than a specified value M. Then, within each leaf in the global
octree, a BSP tree is used locally to partition the cell. The idea is illustrated
in figure 5.5. In figure 5.5a, there are four cells of the octree. When the num-
ber of the polygons in the cell is smaller than M, a BSP tree is built for the
cell at top right corner, as shown in figure 5.5b. Figure 5.6 shows the results
of rendering transparency using our approach. In the figure, effluents are beging
discharged in 2 jets. By varying the value of M, different octrees will be produced.

This tree-building procedure is performed in a pre-processing fashion. During
the execution of the system, what we have to do is to find the correct order of
rendering based on the data structure if the design parameters are not changed.
However, the tree has to be re-built when changes are made to the design param-

eters.
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Figure 5.5: (a) Four cells of the octree. (b) Zoom-in view of cell 1 (c) The local
BSP tree for cell 1.

Figure 5.6: Green lines show the octree. Pre-defined maximum number of faces
in one octree cell(M): (left) 2048, (right) 1024.

5.6 Results

In order to evaluate the performance of our proposed method, in particular, find-
ing the best value of M, we have conducted a few experiments. The experiments
compare the performance of using BSP tree alone and using our hybrid approach
with M = 8, 16, 32, 64, 128, 512, 1024 and 2048.

The tables and the graphs for number of polygons and average frame rate are
shown in tables 5.1 and 5.2 and figures 5.7 and 5.8 respectively.

For our approach, the number of polygons will become smaller when M de-
creases up to M = 64 or 128. If M is further decreased, the number of polygons
will increase again. From the result for number of polygons rendered, most cases
attain the minimum when M is 64 or 128. For the frame rates, we can observe

that the higher the frame rate, the smaller is the number of polygons. Also, in
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I Number of Polygons I
Original | Using BSP Tree Combining octree and BSP Tree
(0) only (M)
8 16 32 64 128 256 512 1024 2048
1472 18803 11743 | 8460 6566 5587 6719 8121 | 10184 | 13133 | 18803
2976 36111 24499 | 16179 | 12919 | 11763 | 10893 | 12306 | 18459 | 23198 | 28466
4480 43390 41285 | 26741 | 20948 | 18722 | 17837 | 20859 | 30737 | 33037 | 33832
5984 70842 46269 | 31263 | 25246 | 22658 | 22992 | 24943 | 34195 | 37879 | 50952
7488 82967 59744 | 40257 | 32101 | 28649 | 30155 | 33046 | 43412 | 46470 | 59244

Table 5.1: Experiment results: The number of polygons rendered using different

approaches.
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Figure 5.7: Number of polygons rendered against M.

li Average Frame Rates (frame per second) J
Original Using BSP Tree Combining octree and BSP Tree
number of polyons only (M)
(0) 8 16 32 64 128 256 512 | 1024 | 2048
1472 3.05 4.43 | 6.11 | 8.59 | 9.87 | 8.59 | 6.76 | 5.58 | 4.43 | 3.05
2976 1.6 2.17 | 3.37 | 4.27 | 4.75 | 5.14 | 4.58 | 3.13 | 2.46 2.03
4480 1.33 1.27 | 2.04 | 2.62 | 2.99 | 3.13 | 2.73 | 1.86 1.73 1.71
5984 0.81 1.13 | 1.73 | 2.21 | 2.51 | 2.42 | 2.29 | 1.66 1.52 1.12
7488 0.7 0.74 | 1.36 | 1.76 | 1.97 | 1.91 | 1.73 | 1.33 1.24 0.97

Table 5.2: Experiment results: Average frame rates using different approaches.

all cases, the numbers of polygons rendered using BSP tree alone are highest and

the frame rates are the lowest.

Results show that the use of BSP tree alone will significantly increase the
number of polygons because polygons will be split when building the BSP tree.

The number of polygons in the resulting tree is approximately ten times the
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Figure 5.8: Average frame rate against M.

original. From the results of the proposed approach, using a global octree and
local BSP tree in an octree cell, fewer polygons are obtained. When compared to
using BSP only, the reason for having fewer polygons in the proposed approach
is that in a localized BSP tree, fewer polygons are used to build the BSP tree

and the number of splitting can be smaller.

5.7 Discussions

Either octree or BSP tree has the advantage of providing a correct visibility order.
Using a combination of octree and BSP tree can get benefit from their property.
In our algorithm, there is no need to handle the problem of having cycles because
BSP tree breaks the cycle by splitting the conflicting polygons (Figure 5.2). Also,
this allows intersecting polygons to be rendered correctly. This hybrid approach

can be used for rendering scenes with transparency.

Another advantage of our algorithm over algorithms using BSP tree solely
is that the number of splitting can be made smaller. In our approach, a lo-
calized BSP tree is used. Fewer polygons are used to build the BSP tree. As
a result, the number of polygon splits and the number of polygons can be smaller.

However, in this approach, both octree and BSP tree entail polygon splitting,
and this normally increases the number of polygons. The major drawbacks are

the high requirement of memory. For the octree algorithm, the polygons or the
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surfaces may not be aligned properly to the cell boundaries in the octree. This
requires splitting the misaligned polygons.

For the BSP tree algorithm, when jets intersect with each other, the under-
lying polygons will also intersect. In this situation, before we can find a correct
order for rendering, we must split the polygons. The situation will become much
more complicated when there are a lot of intersections among the jets. The re-

quirement of memory is high because the number of cells in the resulting octree
and the BSP tree will increase significantly.

From the experimental results, we found out that most splittings come from
building of the BSP tree. Using an octree with smaller M before building the
BSP tree may produce less polygons. To further reduce the total number of
polygons, we can limit the splitting process when building BSP tree if the area

of the polygons is too small. However, this may produce tiny holes on the surface.

When M becomes larger, the splitting of polygons are mostly happened when
building the local BSP tree. The octree may have only one or two levels in these
cases and many polygons are used to build the BSP tree. On the other hand,
when the number of polygons allowed in one octree cell is small, a significant num-
ber of polygon splits occurs in building the octree. If the polygons are closely
packed, this will be more significant. Either small M or large M will result in a
large number of polygon splits. The best value of M lies in the range between
64 and 128. From the experimental results, we found out that the numbers of
polygons are at the minimum when there are no more than 64 polygons in one
octree cell in most cases.

One more thing is that if the changes to the design parameters are made too
frequently, the tree-building process will need much time.



Chapter 6

Computation of overlapping

region

6.1 Background

The interaction among multiple jets is interesting. Two or more jets may overlap
with each other and the effluents may mix together. The mixing may cause the
concentration of the pollutants to rise above some threshold values or reach a
dangerous level. Keeping the concentrations within acceptable level is important
and studying the interaction among multiple jets is essential in the environmental

impact assessment.

One motivation of developing the VISJET system is to allow the users to
view the overlapping region of two or more jets and to find the distribution of

the concentrations in the region.
In VISJET, the user specifies a cutting plane to view the mixing of the pol-
lutants and the concentrations at that particular plane. The system will then

calculate the concentrations and display onto the screen.

The main problem we have to face is to find and display the interactions at

the overlapping region.

34



CHAPTER 6. COMPUTATION OF OVERLAPPING REGION 35

6.2 Owur Approach

To compute the overlapping region involves finding the intersection of two or
more jets which are of irregular volumetric structures. This is one of the well-
known problems in computer graphics. As our intention is to use a plane to view
how the pollutants mix and the concentrations at that plane, we simplify the
computation. Instead of finding the intersecting volume, we reduce the problem

to finding the overlap in two-dimensional space.

There are two main steps in our approach to solve this problem. First, we
have to find the intersections between the jets and the plane. Then, we need

to compute the concentrations of the effluents at each point in the overlapping
region.

6.2.1 Finding intersections

The jets are represented by surfaces which are made up of a number of polygons.
Finding the intersections is reduced to the solution of finding the intersections
of the plane and the underlying polygons. In figure 6.1, a plane P is used to
intersect with a jet and the intersection is displayed on P'.

Figure 6.1: A plane P is used to cut the jet and the intersection is displayed on
P'. At point X', the concentration is the same as that at X.
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6.2.2 Calculating the concentrations of the effluents

The total concentration of effluents at each point may be influenced by more
than one jet. We have to find the total concentration at a certain point due to
multiple jets. Our idea is similar to the traditional scanline algorithm used in

computer graphics area.

Our algorithm for finding the total concentration is as follows:

1. The concentrations at all points in the overlapping region are initialized to zero.
2. For each jet,

a. Scan the region

b. Accumulate the concentration at each point due to the jet.
3. After considering all the jets, the total concentrations at all points can be found.

An example is shown in figure 6.1. At point X', the concentration will be the

same as the concentration at X.

Figure 6.2: The right side shows the intersection of a plane with the jets. Different
colors mean different efluent concentrations. In this example, yellow color shows

concentration is higher in the overlapping region.
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6.3 Discussions

Our intention is to find the total effluents concentration in the overlapping re-
gion. One idea is to sum up the values of concentration for individual jet. Our
approach is based on this idea by considering one jet at a time and accumulating
the concentration at each point. In the current implementation, the distribution
of the effluents concentration within one step is assumed to be uniform. This
approach may be oversimplified. In real life, the distribution of efluent concen-
trations may not be uniform and it is more concentrated near the center than the
boundary. However, even with non-uniform distribution, our scanline algorithm

can still find the correct concentrations at all points.
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Further Research

7.1 Color Coding

Using colors is one of the essential part in computer graphics. MacDonald [17]
has given a review on color selection. In a study by Murch {18], the physiolog-
ical principles of using color were discussed. Color coding is an important and
common technique used in visualization. This gives the user a visual sense in
describing the underlying data values enciphered in the coloring scheme. From
their discussions, no natural color coding scheme exists although color coding in
spectral order is common, as in our system. The use of gray scale may be difficult
for color-deficient observers to view, according to the study by Murch.

In our system, color is assigned to the jets to represent the concentrations of
the effluents at that point. However, the changes of the effluents concentrations
at most points are not significant. This makes the color in most part of the jets
appear to be the same, blue in our case. A better coloring scheme, such as those
with logarithmic distribution, can be considered in the future.

For enhancing visual effects, different coloring schemes can also be employed.

7.2 Fluid Animation

In our system, an important feature is to show how the jets evolve and interact
among themselves. Animation is used to show the evolution. The evolution of
the jets can be visualized but the effect of movement of the fluids is not easily
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depicted. We can enhance the understanding of how the jets evolve using tech-
niques in fluid animation. Color animation can also be used to show the fluid in
movement.

Other techniques, such as line integral convolution(LIC) {2, 8], have been
developed for showing movement of fluids. Further researches can investigate the
possibility on applying these techniques to the VISJET system.



Chapter 8

Conclusion

The focus of this thesis is to show how computer graphics and visualization tech-

niques can be used to help engineers in visualizing ocean outfall data.

We have presented a visualization system of an ocean outfall. This work en-
ables the engineers to view and understand the buoyant jets of a submerged ocean
outfall system in a three dimensional way. The features includes the following:

e The system allows the user to visualize the data with a sense of high realism.

The users can interactively control the viewpoints and navigate in the en-

vironment.

Changes to design parameters are allowed and the results are shown inter-
actively.

The evolution of jets are animated and visualized.

Interaction among multiple jets, which cannot be easily obtained by reading

the data, is shown.

Also, in this thesis, several design issues in visualization system and the dif-
ficulties encountered when designing and implementing such a system have been
discussed. In particular, issues on transparency rendering and computation of
the overlapping region have been discussed, and the approaches we used to solve
these problems have been presented.
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