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Abstract 

Volume visualization is one of the most interesting and fast-growing areas in scientific visu

alization. The application of volume visualization to seismic exploration has been quickly 

developing in the past two years. In this thesis, we explore the concepts, methods and 

algorithms that display 3D seismic data by using volume visualization techniques. More 

specifically, what we want to do is to construct a 3D graphic model based on seismic data 

volumes. This graphic model helps geoscientists to view interior structures of the earth, to 

understand the relationship between geologic objects and finally, to find interesting targets, 

such as oil and gas reservoirs. 
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Chapter 1 

Introduction 

A geologist may frequently be asked the following interesting question: "Is it possible for 

humans to see underground treasures directly?" The answer is that we can not. We can, 

however, obtain information about the underground indirectly using geophysical and geo-

chemical methods. It is the dream of geologists to own a kind of powerful tool—something 

like an "Earth C T " , which would allow them to see the interior of the earth directly. Like 

a brain surgeons, they could scan the earth first before doing any geological exploration. 

Today, this dream has come true to some extent by combining two new technologies de

veloped in the late eighties. One is volume visualization and the other is 3D seismic explo

ration. 

Volume visualization is a computer graphic technique which can display a volumetric 

data set. More importantly, it enables people to visualize the interior structure of an ob

ject. 3D seismic exploration is a geophysics method which can sample the earth in a three 

dimensional manner. A n "Earth C T " can, therefore, be developed by taking advantages of 

both techniques. In computer sciences, it is called scientific visualization 

1 
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Numbers ^-—>-,  

<^^\^ewer^^> 

Figure 1.1: The mapping process of scientific visualization (Adapt from Domik [19], 1995) 

1.1 About This Research 

A s indicated by the title "Volume visualization of 3D seismic data", this thesis is an applica

tion of scientific visualization, that is, applying volume visualization to seismic exploration 

for oi l and gas. It is also an interdisciplinary project that is based on the researches of 

computer graphics, geophysics and geology 

With the advent of the computer technology in the last twenty years, scientific visu

alization has been developed into a discipline [19]. The goal of this discipline is to provide 

concepts, methods and tools to create expressive and effective visual representations from 

scientific data. It is a large collection of visual techniques that may include almost every 

method from very simple to very complex [19]. 

Scientific visualization is a mapping process from one domain to another (Figure 

1.1). The first step of this process is to map a real phenomenon (reality) into a group of 

numbers, the second step is to map the numbers into pictures and the third step is to map 

the pictures to the viewer. For this research it means that we must collect 3D data from the 

earth and organize it into a 3D data volume. This data must then somehow be translated into 

pictures which then are mapped to the viewer. In 3D seismic visualization the final step is to 

correlate the pictures generated with geological information so that interesting geological 

objects can be identified. We would also like to map the data into pictures interactively so 

that the mapping parameters can be turned to present the information in the best possible 

manner. 

Although scientific visualization is concerned with displaying images, it is different 
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from film or video. It must build on scientific research, otherwise, it is useless. Conse

quently, the volume visualization which is the main topic of this thesis, must be built on the 

foundations of geophysics and geology. 

Scientific visualization is becoming more and more important to us and wi l l certainly 

be one major application area of computer graphics long after the current focus on adver

tisement and entertainment industries. A s noted by D . Greenberg (1987) [94]: 

It is important to apply computer graphics to science and not to spend so much 

of our effort on film or video. During the past two decades, too great a propor

tion of our energies have been directed towards the creation of images and the 

ability to make a flashy presentation... If computer graphics is to have a role in 

improving the future of our civilization, the real value wil l be in its application 

to science, engineering and design. 

1.2 Current State of This Research Area 

From the discussion in the last section, it follows that this research is an interdisciplinary 

project that must be founded on computer graphics, geophysics and geology. A s a master 

of science thesis in computer science, the key question is what it contributes to this research 

area. 

We started the research by collecting references in order to survey volume visualiza

tion, seismic exploration and petroleum geology. The major resources for this are com

puter graphics and geophysics magazines, such as Computer Graphics Proceedings, An

nual Conference Series, IEEE Computer Graphics & Applications, The Leading Edge and 

Geophysics. We also searched for a real seismic data set by contacting the Society of Ex

ploration Geophysics, CREWES at University of Calgary and Veritas DGC etc. geophysics 

companies. Fortunately, the World Petroleum Conference 2000 at Calgary provided the 

author a opportunity to see several major commercial seismic visualization systems (Vox-

Geo, GeoProb, EarthCube and GeoViz etc.). From this survey it emerged that there were a 
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number of research directions that could be pursued: 

1. Terminology of Volume Visualization: Many papers about volume visualization 

have been published since the late 80's, but there is no complete agreement on a 

standard volume visualization vocabulary. It is common that multiple terms exist for 

the same algorithm or concept. More confusingly, it is hard to find a systematically 

classification of volume visualization algorithms. 

2. Hardware-based Volume Visualization Systems : The Ray-casting, a volume ren

dering algorithm, is considered the best method in volume visualization. Levoy [59] 

published this algorithm in 1988 and Lacroute (Levoy's Ph.D student)[56] published 

a faster algorithm — called shear-warp factorization in 1994. B y 1999, VolumePro 

— the first world's first single-chip real-time volume rendering system, which was 

implemented with ray-casting algorithm, had been produced by Mitsubishi Electron

ics American Inc. [46] 

3. Has Volume Visualization Been Used for Seismic Exploration?: No! We were 

told that visualization techniques have brought a revolution for the interpretation of 

seismic data since 1997. But, most volume visualization documents in our reference 

list are for displaying medical data rather than seismic data. Most papers that intro

duce visualization of seismic data are more like user-guides and do not discuss any 

concepts and algorithms of volume visualization. 

4. Commercial Seismic Visualization System Vs. Volume Visualization: The Vol

ume rendering technique is considered more suitable for visualizing the interior 

structure of a object and the real-time volume rendering system has been available 

since 1999. But we finally found that current seismic visualization systems have 

gone another way. That is, most commercial seismic visualization systems adopt 3D 

texture mapping rather than using volume rendering. Why? 

One opinion is that volume rendering is more suitable to the visualization of dynamic 
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fluid bodies. The most successful application of volume rendering is, however, for 

displaying the interior of the human body. 

5. Bounding Area Surface Vs. Rock layers: The author has sat in emersion caves 

while listening to explanations of the power of some major commercial seismic v i 

sualization systems. More often, you wi l l heard some exciting words like " you can 

save millions of dollars " or "you wi l l enjoy movies while interpreting seismic data". 

The marble-like images generated are not easily amenable for understanding the ge

ology. One particular question that seems not to be answered is "where are the rock 

layers?". 

6. May I have a Real Seismic Data Set?: No!, A s a graduate researcher, the author 

has struggled looking for a real seismic data set. We can not find a real seismic 

data set, possibly, for three reasons. (1) real seismic data is the private property of 

a geophysics company; (2) seismic data has many kinds of formats and it is hard 

to convert it without professional knowledge; (3) seismic data sets are usually very 

large in size (gigabytes) and they are difficult to transfer or store. 

7. Resources of The Department of Computer Science: There is not a real-time vol

ume rendering system in the department of computer science yet. 

1.3 About This Thesis 

This thesis is divided into five chapters, where the first chapter is this introduction and 

the fifth chapter contains conclusions. In chapter 2, we wi l l discuss geology and seismol

ogy. Features and types of some oil/gas-related geological structures are summarized in 

this chapter. A s the tools for sampling the earth, seismology and seismic exploration are 

important topics of this chapter. It is key points to understand how to collect 3D seismic 

data and to understand the message in a seismic data volume. 

In chapter 3, we are going to explore the theory and method of volume visualization 
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techniques. There are already many algorithms for volume visualization, but the various 

concepts and terminologies are very confusing. A s an application oriented research, we 

try to categorize volume visualization algorithms based on their similarities and to clarify 

some important definitions and concepts. 

Finally, the topic volume visualization of 3D seismic data is discussed in chapter 4. 

Real-time volume visualization systems has became available since 1999, but they have 

not been used for seismic exploration. One of the major challenge for this application is 

data classification. We have, therefore, developed three data classification methods for 

visualizing different geological objects. 

1.4 Contribution of the thesis 

A new algorithm is commonly considered a contribution as is the investigation of the l imi 

tations on existing algorithm. 

After three years study of this thesis project, we found that this area lacks a theoretical 

foundation. Some commercial software and documentation that are more like user-guides 

have become available, however none of these lay down fundamental ideas. In this thesis, 

we have therefore systematically researched the algorithms of volume visualization, seismic 

exploration and geology. Some ideas from this thesis that may contribute to this research 

area: 

1. Based on the research of volume visualization algorithms, we proposed that volume 

visuzlization should be categorized as surface rendering, volume rendering and 3D 

texture mapping. This classification is based on the new definition that is developed 

in this thesis and it can help to understand this technique. 

2. From the analysis of oil/gas traps, we found that geologic structure, stratigraphie 

sequence and channel system are three major objects in oil/gas exploration. A visu

alization system should fulfill these tasks of seismic exploration. 
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3. We found that the major commercial seismic visualization systems are, actually, im

plemented with 3D texture mapping rather than volume rendering or surface render

ing techniques. These systems are only able to display bounding area surface rather 

than rock layers. Accordingly, they are helpful in identifying geological structures 

but is no help for the researches of stratigraphie sequences and channel systems. The 

major challenge for these systems is the classification of seismic data. 

4. In this thesis, we defined three data classification methods so as to visualize the three 

major geologic objects in oil/gas exploration. They are amplitude-domain, time-

domain and gradient-domain data classification. O f these, amplitude-domain data 

classification is first defined and discussed in this thesis, although some visualization 

systems has adopted this method. The other two methods time-domain and gradient-

domain data classification are developed by the author independently . 
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Chapter 2 

Seismology and Seismic Exploration 

In order to build a transparent earth model and to view its interior structure by using volume 

visualization techniques, we must take samples inside the earth rather than on its surface. 

This is done mostly by seismic techniques. Seismic waves have the ability to penetrate 

through the earth, and thus seismic exploration has been shown to be one of the most effi

cient tools in exploring geologic structures among all kind of geophysical and geochemical 

methods. In this chapter, we are going to discuss the two major usages of seismology in 

geosciences, one is the research of the interior structure of the earth and another is the 

seismic exploration for oil and gas. 

2.1 Seismology and the Earth 

We are living on the earth, but how much do we know about the interior of the earth, 

meaning its structure and composition? 

Since most of the earth's interior is inaccessible to direct sampling and observation, 

scientists have been designing many methods for determining the interior structure and 

composition of the earth. For example, deep ocean drilling projects were designed to 

confirm the existence of the Mo-Ho surface, the interface between the crust and mantle. 

Kimberlite of diamond-bearing and other volcanic rocks, which are assumed to be rocks 

9 
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originating deep down in the earth up to 200 kilometers, have been used to estimate the 

composition of rocks below the crust. However, the radius of the earth is about 6370 km 

and 200 km is only a small fraction of this radius and hence it is not enough to reveal all of 

the interior of the earth. So, we have to find another way to get data from the interior of the 

earth and acquire the hidden information inside. 

Mallet [8] suggested the use of seismology to study the earth's interior. Following 

this, scientists started to apply seismology to earth research by timing the arrival of seismic 

waves, which have travelled right through the earth. 

2.1.1 Seismic Waves, Travel Time and Velocity 

B y seismology is meant the study of earthquakes. It also means researching the interior 

of the earth by using seismic waves, which are able to penetrate right through the earth 

[8]. Seismic waves can be generated by any sudden disturbance to the earth, such as earth

quakes, nuclear bombs and any other explosions. There are four kinds of seismic waves 

namely the P-wave, S-wave, Rayleigh wave and Love wave (figure 2.1). They are grouped 

into two categories as body waves and surface waves based on their properties. Of these 

the body waves (P-wave and S-wave ) are able to pass through the earth and thus have 

been chiefly studied and used for studying the earth's structure and for seismic exploration. 

The propagation of the surface waves (Rayleigh wave and Love wave ) is confined to near 

the surface of the earth and its research is a supplement to the body waves for the earth 

research. 

P-waves (also called primary or longitudinal wave) travel within the earth like sound 

waves in air, in which the oscillating direction of the material particles is along the propaga

tion direction (figure 2.1 a). S-waves (also called secondary or shear wave) are propagated 

by vibrating material particles transverse to direction of propagation (figure 2.1 b). The ve

locities of both the P-wave and S-wave are dependent on the medium's physical properties 
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Figure 2.1: Four types of seismic waves (adapted from Brown [8], 1993) 

and they can be represented by the following formulae: 

where: Vp = velocity of P-wave; Vs = velocity of S-wave; k = compressibility modulus 

(a measure of materials resistance to a change of volume - compression or dilation); /u = 

rigidity modulus (resistance to change of shape caused by a shear stress); p = density of 

medium. 

Two important properties of the P-wave and S-wave can be deduced from the for

mulas above. The first property is that the propagation of a P-wave is much faster than 

a S-wave within the same medium. A s the result, seismograph-recording stations always 

receive P-waves earlier than S-waves from an earthquake. The second property is that S-

waves are not able to travel in liquids, since there is no shape changing at all for a liquid 
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body (pi = 0). P-waves are, however, able to travel within liquids. 

The propagation velocity of P-wave and S-wave within the earth is the major base 

for constructing the layered earth model. Scientists therefore interpret the interior structure 

of the earth based on the behavior of P-waves and S-waves. Therefore, constructing an 

accurate velocity-depth profile for the earth wi l l be the core work for this research. 

The propagation of seismic waves when they travel in the earth is much like the prop

agation of light waves in a homogeneous medium. This means that they travel in straight 

lines until they encounter an interface between two layers of materials with different den

sity or elastic properties. A t that point they wi l l reflect or refract, and at the interface they 

obey Snell's law in optics, which can be expressed in the following formula: 

Sin(i\) V\ 

sînJh) = v2

 ( 2 - 3 ) 

where: i\ = incident angle; /2 = refraction angle; V\ = velocity of seismic wave in first layer; 

V2 = velocity of seismic wave in second layer. 

Although we don't know the initial velocity-depth profile of the earth, this formula 

can be employed to trace rays (seismic waves) through the earth and construct a theoretical 

travel-time curve, which shows the correspondence of travel time and distance of seismic 

wave. In another way, an accurate travel-time curve of seismic wave can be constructed 

from the records of many earthquakes at many separate seismic stations. Figure 2.2 shows 

a group of selected rays that pass through the earth. When their travel times have been 

recorded, the velocity-depth profiles can be deduced by calculating the theoretical travel-

time and then comparing it with the actual travel-time curve, in which the profiles are 

adjusted to improve the match. This process is repeated until the profiles are as good as the 

data w i l l allow. 

The most recent seismic velocity-depth profiles (iasp91) for the earth are based on 

data accumulated over 20 years, comprising over six million arrival times records at over 

3000 seismic stations (Brown and Mussett, 1993 [8]). The variation of P-waves and S-

waves velocities in these profiles with corresponding compositional and rheological layer-
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Source 

Figure 2.2: Ray-tracing paths for the earth (adapted from Brown [8], 1993) 

ing for the earth are shown in figure 2.3. 

2.1.2 The Layered Earth 

Seismology research provides us with the major knowledge about interior structure of the 

earth. Combined with knowledge from many other scientific disciplines such as astronomy, 

astrophysics, nuclear theory, planetary physics, as well as geophysics, geochemistry and 

geology, the earth has been concluded to consist of layers with different compositions -

like an egg (figure 2.4 a). These layers are the crust, mantle and core. 

The crust (the outside layer of the earth, Figure 2.3 and 2.4 b) is delineated by the Mo

ho surface (a seismic discontinuity), at which P-waves velocity abruptly jumps from 5 — 8 

km/s to > 8 km/s. The crust is about 6 km (under the ocean) to 40 km thick (figure 2.4 b) 

and mainly consists of felsic rock (granite) with low density. Human activity takes place on 

and in this layer, and it is therefore the major research target for geoscience such as geologic 

exploration. Many geological theories about the crust are fascinating. For example, the 

famous continental draft theory by Wegener [18] concluded that the continents have been 

moving around on the surface of the earth. This theory have been confirmed by the plate 

tectonic theory, one of the modern geotectonic theories, which considers that the crust is 

floated over the Mo-ho surface above the mantle and that the continents have been moving 
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T r a n s i t i o n zone 
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Figure 2.3: A velocity-depth Profile of the earth (adapted from Van and Marshak [18], 
1995) 

Compositional layering Rhouloyical layering 

a) 

Ocean -6 *™ Continent io0 

b) 

Figure 2.4: a) A conceptual model of the layered earth [8]; b) Structure and composition 
of the earth [18] 
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Figure 2.5: Distribution of seismic velocity at mantle of the earth, with the highest velocity 
(colder material) indicated by darker color and the lowest velocity (hotter material) by 
white (adapted from Van and Marshak, 1995 [18]) 

relative to one another. Actually, all the continents on the earth today are assumed to have 

been connected as a super-continent called Pangaea around ten million years ago [18]. 

The mantle and core are divided by a major seismic discontinuity at 2900 km down 

(Figure 2.3 and 2.4 b), where the P-wave velocity abruptly decreases accompanied with 

the disappearance of the S-wave velocity. The mantle is about 2860 km thick and can be 

divided into upper mantle, transition zone and lower mantle. In general, the mantle consist 

of ultramafic rock, but it is inhomogeneous in composition and temperature based on the 

seismic tomographic image (Figure 2.5). 

The core of the earth is about 3470 kilometers thick (Figure 2.3 and 2.4 b) and is 

also divided into an outer core and an inner core based on seismology. The outer core is 

composed of liquid iron alloy and it unable to transmit the S-wave, while the inner core is 

composed of solid iron alloy. 

2.2 Seismic Exploration for Oil and Gas 

Seismic exploration for oil and gas is another important application of seismology to geo-

sciences. In the same way as for the research of the earth's interior structure, seismic explo-
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ration employs artificial seismic waves to acquire information about underground geologic 

structures that might potentially host oil and gas reservoirs. 

2.2.1 Traps of Oil and Gas 

A s one of the special minerals, formation of oil and gas has undergone a complicated 

geological process that can be said to consist of the three steps of generation, migration 

and entrapment. In this thesis we mainly discuss the trapping of oil in oil/gas traps. Oil/gas 

traps are the geological structures where oil/gas is stored. These geologic structures are 

made up of permeable reservoir rocks being covered by rocks with low permeability (cap 

rocks), which are capable of preventing oil and gas from migrating further upwards. Since 

oil and gas are assume to be derived from organic matter buried in sedimentary basin, 

oil/gas traps are closely related to sedimentary stratigraphy and associated structures [55]. 

Oil/gas traps can be classified as structural and stratigraphy types of reservoirs. 

Stratigraphy traps (primary type) are formed by changing facies or unconformities 

when sediments are deposited. Facies means that sedimentary environments may vary in 

a sedimentary basin and form a sequence of stratigraphy with different rock units. For 

example, pinch out oil traps (figure 2.6 a) are formed when a porous rock strata, such 

as sandstone, pinch out in a less permeable rock unit such as shale. A n unconformity in 

stratigraphy means a depositional interrupt, which indicate underlain rocks units had been 

tilted by tectonic movement before deposition of overlay stratigraphy. Many oil traps might 

be formed near the unconformity contacts (Figure 2.6 b). Stratigraphy traps are, therefore, 

closely related to the stratigraphie sequence in an exploration area. 

Fluvial channel oil traps (figure 2.7 a) are usually formed in a paleo-river system, 

where sandstone has been deposited in fluvial channels that consists of shale or mudstone. 

A channel system is a special linear-shape oil/gas reservoir and it expands horizontally. 

Structural traps ( secondary type ) are formed by deformation of sedimentary stratig

raphy, and further are classified into anticline and faulting traps according to the properties 

of stratigraphy deformation. 



2.2. SEISMIC EXPLORATION FOR OIL AND GAS 17 

oil / gas 

Figure 2.7: a) Fluvial channel oil trap; b) Anticline oil traps (adapted from Bjorlykke [55], 
1989) 
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Anticline structural oil traps are associated with folding structures of stratigraphy, 

in which all rock units including impervious cap rock, porous reservoir rock and source 

rock are curved up into a four-way closure. Anticline traps may present as a single dome 

or a fold system that consist of a series of anticline and syncline (figure 2.7 b). A simple 

dome oil trap (figure 2.8 a) may be made up of porous sandstone sealed by impervious 

shale layers. Other important anticline oi l traps are called salt dome structure (figure 2.8 

b). Salt dome structures are formed when a salt deposit moves upwards as an intrusion into 

the stratigraphy. This case might happen when the salt body (specific weight about 1.8 -

2.0 g/cm3) is less dense than the overlaying rocks. With slow movement upwards, the salt 

dome may break through the strata or make them curve up. A s a result, many kinds of oil 

traps can be formed in this geological process. 

Fault type oil traps are associated with all kinds of fault structure such as normal 

fault, strike-slip fault, up-thrust fault and growth fault in sedimentary rocks. In these oi l 

traps, the fault plan must have a sealing effect so that it functions as a barrier for reservoir 

rocks. Figure 2.9 a) shows an oil trap that related to normal fault structure. A growth fault 

(figure 2.9 b) is a kind of special structure that associated with a sedimentary basin. 

In summary, oil/gas traps are related to the structures and rock layers in a sedimen

tary basin. More specifically, the targets of seismic exploration are geological structures, 

stratigraphie sequences and channel systems. 
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a) b) 

Figure 2.9: a) Normal fault oil trap; b) A growth fault that usually related to oi l traps 
(adapted from Bjorlykke [55], 1989) 

2.2.2 Overview of Seismic Exploration 

Seismic exploration is a major geophysics methods. Its data collection and processing pro

cedures are very complicated. But for this research, we should understand the geometries 

of seismic exploration — the methods for collecting seismic data. Most importantly, we 

should understand the message in seismic data volumes. 

Of all the geophysical methods working from the surface, the seismic exploration is 

an edge detecting technique and has been proved to be efficient method in exploring o i l 

and gas. This means, a subsurface such as rock interface or gas/water (oil) contact can be 

detected by seismic waves. A s discussed in section 2.1.1, the behaviors of seismic waves 

are similar to those of light when they travel in rocks. They are able to travel through rocks, 

and they wi l l also be reflected and refracted by a subsurface (Figure 2.10 ). The refraction 

property of seismic waves has been used in the research of the earth's interior structure, 

in which various ray-paths and the velocity-depth profile are deduced according to Snell's 

law (Eqs 2.3). Thus seismic exploration is sometime called reflector seismology since it is 

mainly based on the reflection property of seismic wave. 

Before we discuss the seismic methods in detail, let's first see how seismic explo

ration works. The simplest idea to understand seismic exploration is "We make a bang, and 

we listen for echoes" (Anstey, 1982 [1]). A s show in figure 2.11 a), when we fire a seismic 

bang on the surface, seismic waves wi l l start to spread out and travel through the rocks. 
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Figure 2.11: A subsurface (rock, or gas/water (oil) contacts) can be detected by seismic 
wave, which is generated by a manmade seismic shooting 

Some of them wi l l be reflected to the surface by rock interface or gas/water (oil) contacts. 

If we count down the echo time and know the seismic velocity of the rock, then, we can 

calculate the depth from surface down to the reflector, and a single seismic record, called 

trace, can be recorded (figure 2.11 b). A seismic section or reflection profile showing the 

same subsurface can be built up i f we repeat the shoot-record method along a line on the 

surface (figure 2.12 a). Further, i f we design source and receive points into a grid on the 

surface, then, we can map the geologic structure from the seismic data (figure 2.12 b). A 

real reflection profile is shown in figure 2.13. There are two things that one should be aware 

of: One is that the seismic section is made up of many seismic traces; another is that the 

vertical axis represent reflection time rather than depth. 

The major procedures of a seismic survey include acquisition, processing and inter-
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a) b) 

Figure 2.12: a) A seismic section (or profile) is created by designing source and receive 
points along a line; b) Mapping a selected horizon of geologic structure by seismic explo
ration 

Figure 2.13: A real 2D seismic section that is made up of a series of seismic traces, which 
consists of black and white pulses (adapted from Anstey [1], 1982) 
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pretation of seismic data. Acquiring seismic data is the first step of seismic exploration, 

which may consist of geologic research of targets, shooting geometry design, shooting and 

recording experiments as well as other economic issues. Processing of seismic data is the 

second step, in which raw seismic data wi l l be converted into a usable data set by eliminat

ing the effects of migration 1 and dip move-out 2. This procedure may consist of a series of 

seismic processing steps including wavelet adjustments, travel time corrections, amplitude 

corrections and noise reduction. Interpretation of seismic data, the final step of seismic 

exploration, is the mapping of geologic structure, sedimentary stratigraphy from seismic 

data. It is also the major concern for our research in volume visualization of seismic data. 

2.2.3 ID, 2D and 3D Seismic Exploration 

Seismic exploration may be categorized as ID , 2D or 3D depending on the data gathering 

methods. Of these, the 3D seismic survey is the most efficient way for exploring oil/gas 

traps, and most importantly, it enables one to generate a seismic data cube that can be used 

for volume visualization. The 3D seismic exploration was initially experimented with as 

early as the 1940s but did not make satisfactory progress until 1970s due to the limitations 

of the data processing techniques. With dramatically improved data processing ability by 

computer, the 3D seismic technique is becoming more and more popular in oil and gas 

exploration, although it is more expensive than the 2D seismic exploration that had been 

widely used before mid-1980s. However, both 2D and 3D seismic exploration are based on 

the information from ID seismology, in which the synthetic seismogram for a specific area 

wi l l be created. 

A synthetic seismogram is a special seismic trace that links well data and seismic 

data, and it is the main tool that allows geologic depth horizons to be associated with re

flections in the seismic data. The purpose of ID seismic exploration is to create a synthetic 

'Migration is a process which compensates for distortion introduced by wave propagation and acquisition 
geometry. 

2 Dip move-out is a process that removes offset from raw seismic data 
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a) b) 

Figure 2.14: a) A shot record showing source, receiver, reflection point and midpoint; b) A 
line (or 2D section) wi l l be acquired by rolling sources and receivers (adapted from Liner 
[65], 1999) 

seismogram by combining surface seismic and a vertical seismic profile (VSP) as well as 

lithologie well log. This procedure consists of a series of seismic methods, including cal

culation of travel time; reflection coefficient, wavelet processing and convolution. We wi l l 

discuss synthetic seismogram in more detail in the next section. 

In 2D seismic exploration, a seismic section wi l l be generated along a line on the 

surface. In practice, a shot point (called source) is associated with many geophones (called 

receiver). The points on the surface that correspond to the reflection points, at which seis

mic waves are bounce back by subsurface, is located at the middle between source and 

receiver due to the reflection characteristics of the waves and they are called mid-points. 

The relationship between source, receiver and mid-points is shown in figure 2.14 a). A 

seismic line is acquired by rolling the shot and receivers a certain distance forward (figure 

2.14 b. This gives more than one trace with the same midpoint, and the concept of CMP 

(common midpoint) is derived from these reflection points. A s shown in figure 2.15, all the 

traces that live at the same CMP location wi l l be processed together as a family. Ultimately 

they wi l l be added (stacked) to make one stack trace that lives at this location. 

A seismic data volume wi l l be yielded from a 3D seismic exploration. There are many 

ways to acquire 3D seismic data. Some of shoot geometries in 3D seismic exploration are 

modified from 2D seismic exploration. But common to all 3D shoot geometries is to design 

shoot points and receivers so that CMP wi l l be formed into an equally spaced grid on the 

surface. The crossed-array technique, as a simple example starting early 1970s, consists 
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Figure 2.15: A common midpoint (CMP) is design so that many rays can be reflected at 
the same point (adapted from Liner [65], 1999) 
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Figure 2.16: A 3D seismic shooting geometry: crossed-array technique (adapted from 
Liner [65], 1999) 

of one source line and one perpendicular receiver line (figure 2.16). If there are N shot 

points and M receivers, a grid with total N*M common midpoints w i l l be generated on 

the surface. In this case, each CMP has only one seismic trace and is called a single-fold 

midpoint. For a more complicated shoot geometry, actual midpoints may not be able to 

exactly present at the designed CMP but scatted around it. So, a grid of bins is defined 

along in-line and cross-line direction. A l l actual midpoints that fall in the bin area are 

captured to form a CMP gather (figure 2.17 a), and each of CMP gathers wi l l be processed 

as a family and stacked into a trace that lives at each bin (figure 2.17 b). 

In summary, seismic exploration is categorized into ID, 2D and 3D techniques based 

on the shooting geometry and a line or a grid of common midpoints (CMP i.e. reflection 
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a) b) 

Figure 2.17: a) Actual common midpoints and bins in 3D seismic exploration; b) A l l seis
mic trace that fall in the same bin area wi l l be stacked into a trace (adapted from Liner 
[65], 1999) 

points) on the surface wi l l be generated corresponding to a 2D or a 3D seismic exploration. 

Seismic data collected at each of CMP point wi l l be processed into a stacked seismic trace. 

2.2.4 Message in Seismic Data 

Based on the discussion above, we know that seismic data collected by different shooting 

geometries are traditionally processed into seismic traces and these seismic traces are then 

used to construct seismic maps (Figure 2.13). B y using volume visualization, seismic data 

can be directly displayed on a computer screen rather than making it into a seismic trace. 

But what is seismic data? What information can we extract from seismic data? In this 

section, we are going to understand seismic data from the anatomy of a seismic trace -

a synthetic seismogram that was already been mentioned when we discussed ID seismic 

exploration. It is the connection between seismic data and rock properties. 

In seismology, seismic data is called as seismic response, which means that seismic 

data is a group of signals that describes how a seismic wave interacts with the earth. Seismic 

data consists of travel time, waveform and amplitude of the seismic wave reflection. The 

travel time is the time that a seismic wave takes to travel from source to receiver through 

the earth which is recorded by receivers. The amplitude is the reflective strength of seismic 

wave as it is reflected by a reflector. The waveform of a pulse depends on the types of 
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subsurface, rock properties. In order to understand these parameters of seismic data, it is 

very important to understand the mechanisms of seismic wave reflection. 

What is it that generates a seismic wave reflection? It is a subsurface interface be

tween two rock types with different "hardness", such as a snadstone layer is over a lime

stone layer. It should be emphasized that seismic reflections are generated by the rock 

contacts rather than rock layers. The reflective intensity of seismic waves by a rock inter

face can be expressed by the reflection coefficient (short as RC), which can be calculated 

by the following formula: 

j g c = P 2 - V 2 - P l - V l 
p 2 - V 2 + p i - V i 

where: p i and p2 are the density of two rocks, and V\, V2 are the velocities of seismic waves 

within the two rocks. p¡ • V¡ is the acoustic impedance that is equivalent to "hardness" of the 

rock. Seismic velocities of rocks may be influenced by the properties of the rocks such as 

density, mineral composition, porosity and permeability. From E q 2.4, some properties of 

the reflection coefficient can be deduced: (1) The strength of RC depends on the difference 

in acoustic impedance (p,- • V¡ ), that is, the greater the difference in density and seismic 

velocity of rocks that cross the subsurface, the greater is the amount of seismic wave which 

wi l l be reflected. (2) RC can be positive or negative depending on type of rock contact. For 

a rock contact, RC w i l l be positive i f the underlay rock (say limestone) is "harder" than the 

overlay rock (say shale). Otherwise, it is negative. (3) A gas/water (oil) contact occurring 

at the same rock unit w i l l generate a strong positive RC, because density and velocity of 

the rocks are changed by filling with air and liquid, although the rock's type is the same. 

For a specific prospective area, a rock log can be acquired by drilling a well , which 

represents the lithologie sequence of stratigraphy in the area. A t the same time, the velocity 

and density logs corresponding the rock sequence can be acquired by a vertical seismic 

profile (VSP). After getting these velocity and density data, a reflection coefficient log 

(short as RC log) can be constructed. A RC log is an initial seismic trace that shows the 

travel time, strength and sign of reflection corresponding to rock contacts, and is also the 

basis for building a synthetic seismogram. Figure 2.18 shows how a RC log relates to 
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Figure 2.18: Relationship between reflection coefficient and type of rock contact (adapted 
from Anstey [1], 1982) 

rock and gas/water (oil) contacts in a column. In this case, six various subsurface types 

from A to F (five rock interfaces and one gas/water contact) are formed by three kinds of 

rocks including limestone, shale and sandstone. The density and seismic velocity of these 

rocks are shown in the p log and the V log, in which limestone at bottom has much higher 

velocity and density values because it is "harder" than sandstone and shale. The seismic 

velocity in sandstone is a little bit higher than shale but their density is almost same. It is 

interesting that the velocity and density of dry sandstone above the gas/water contact (E) 

is much different from the same layer of sandstone saturated with water. A s a result, each 

subsurface of rock layers has its reflection feature as shown in the RC log. The interface A 

is a shale-limestone contact and it generates a strong positive RC value when the seismic 

wave travels from soft rock (shale) into hard rock (limestone). The interfaces B and C are 

both shale-sandstone contacts but with different sequence, that is, hard rock (sandstone) is 

over soft rock (shale) at contact B while the shale overlay on sandstone is in contact with 

C . The results is that, contact B yields a positive RC value while contact C yields a negative 

RC value. The contact E of gas/water that occurs at the middle of the sandstone layer has 

generated a strong positive RC value, due to the dry sandstone has a lower seismic velocity 

than the wet sandstone. 
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Figure 2.19: Wavelet processing (adapted from Liner [65], 1999) 

So far the RC log has clearly shown us why and how a subsurface reflects a seismic 

wave. If it were possible, we would acquire and process seismic data directly into reflection 

coefficient logs. Unfortunately, a seismic signal is spiked at pulses rather than at time 

points. These pulses consists of a group of cosine waves with finite duration and also 

variation m frequency, phase and amplitude (figure 2.19). To make actual seismic data 

useful, a group of complicated signals have to be synthesized into a wavelet. This procedure 

in seismic data processing is called wavelet processing, which includes rotating their phase 

into zero and summing all of the cosine waves into a single wavelet. 

After wavelet processing, each pulse is now a single symmetrical wavelet centered on 

the correct time (figure 2.20 c to h). Then, a synthetic seismogram (figure 2.20 i) is created 

through a procedure called convolution in seismic data processing, by which all of seismic 

pulses are added together. Comparing synthetic seismogram to RC log (figure 2.20 i and 

j) , there are three black pulses in the synthetic seismogram that corresponds to each of the 

positive reflection and other three white pulses to negative reflections in the RC log. Most 

importantly, the gas/water contact generates a strong positive seismic pulse that is useful 

for oi l and gas exploration. B y this step, we already understand what a seismic trace is and 

what message seismic data carry. 
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Synthetic 

Figure 2.20: Comparison of synthetic seismogram with reflection coefficient log (adapted 
from Anstey [1], 1982) 

In summary, seismic data is a collection of records that contains travel time, am

plitude and waveform of seismic wave reflections. The seismic data at each midpoint (or 

CMP) on the surface wi l l be processed into a seismic trace, which could be the record for 

a single source or a stacked trace that is synthesized by a family of records that share the 

same common midpoint (CMP). A seismic trace is diagrammatically represented by a ver

tical time axis with positive and negative reflection pulses and wi l l be used to construct 2D 

seismic sections. The meanings of reflection pulses in a seismic trace are as following: (1) 

Each reflection pulse corresponds to a underground subsurface, and its position represents 

the travel time of seismic waves from the surface down to the reflector. (2) The amplitude 

of a pulse represents the reflection intensity of seismic wave and depends on the difference 

of acoustic impedance or "hardness" (p • V) of the rocks on both side of the contact. That is, 

the greater the difference in density and velocity, the greater is the amplitude of a pulse. (3) 

The sign of a reflection pulse is generated by different of rock sequence at a subsurface. A 

positive pulse (usually shading as black) corresponds a subsurface, at which the "soft" rock 

unit with lower velocity and density is overlaid on the "hard" rock unit, while a negative 

pulse is caused by a subsurface with an inverse rock sequence. A gas/water (oil) contact 

usually generates a strong positive reflection pulse. 
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2.2.5 Interpretation of Seismic Data 

A s the final step, the interpretation of seismic data is very important for successful seismic 

exploration and it also is the major concern for our volume visualization research. It is 

necessary to recall that o i l and gas reservoirs are mainly hosted by various geologic struc

tures and stratigraphies. Certainly, the major task for interpretation of seismic data is to 

map geologic structures, sedimentary stratigraphy and to interpret rock/fluid properties. In 

the meanwhile, what we need to do in this step is to extract the geologic information from 

seismic data first and then rebuild the geologic object somehow with a 2D map and/or a 3D 

model. We are going to discuss some methods that have been traditionally used in interpre

tation of seismic data, so that we may develop some new ways in our volume visualization 

research. 

Similar to the side view, top view and stereographic view in mechanics, 2D maps 

(vertical section and horizontal plane) and 3D models can be used to represent a geological 

object. The concept and style of a geological structure can be acquired easily from a 3D 

model. But its actual position (coordinates) in space can only be represented quantitatively 

on 2D maps, which are the basis for geologic engineering design. In seismic interpreta

tion, horizontal maps include time (depth) slices and time (depth) structure maps. Vertical 

sections maps include inline, cross-line and arbitrary-line sections. These 2D maps have 

different function in interpretation of seismic data but are related to each other. 3D model 

has not been popularly used in practical seismic interpretation yet but they may be devel

oped using 3D seismic data and volume visualization techniques. 

A time (depth) slice or also called amplitude map is a horizontal intersection that 

cuts through a 3D seismic data volume. It shows variation of amplitude at a time level and 

can be considered as a geologic plan map. Most structure-type oil and gas traps, such as 

a dome and anticline, can be recognized from time slice (figure 2.21). More importantly, 

the time slice is a powerful tool for interpreting channel systems that are often related to oi l 

and gas reservoirs. A fluvial channel (figure 2.6 b) may consist of narrow sandstone bodies 

surrounded by impermeable clay or shale and are formed almost within a plane in a delta 
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Figure 2.21: A series of time slices that show a geologic structure, (adapted from Liner 
[65], 1999) 

Line A: vertical section Horizon slice through zone of interest 

a) b) 

Figure 2.22: A channel system is shown as discontinuous blobs on a vertical section but 
wi l l be clearly identified on time slices (adapted from Liner [65], 1999) 

environment. A s this result, most channel systems are shown as discontinuous blobs on a 

vertical section but wi l l be clearly identified on time slices (figures 2.22 and 2.23). 

A time (depth) structure map (figure 2.24) is a kind of contour map for a select surface 

(or horizon) and it is very similar to topographic map. It is made up a series of consecutive 

time (depth) slices in 3D seismic exploration. The time (depth) structure map represents 

variation of time (depth) in space for a selected surface and is specifically useful to tracing 

geological structure. For a specific exploration area, the times structure map t(x,y) can be 

converted into a depth structure map z(x,y) (figure 2.25) after the average velocity v(x,y) 

has been mapped from control wells. That is, z(x,y) = v(x,y) *t(x,y)/2. The style or 

pattern of a geologic structure may look like similar on both time and depth map with a 

small velocity gradient, but the depth structure map is a more precise estimation of the 

structure because lateral velocity variation has been taken into account. 
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2 miles 

Figure 2.23: A channel system and its time slices (adapted from Liner [65], 1999) 
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Figure 2.24: A time map for a select subsurface (adapted from Anstey [1], 1982) 

(a) (b) (c) 
time structure map velocity/2 contours depth structure map 
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Figure 2.25: Conversion of time structure map into depth structure map (adapted from 
Liner [65], 1999) 
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7.625 miles 

Figure 2.26: Seismic sections show existence of faults that causes either displacement of 
beds (a) or abrupt change in dip (b) (adapted from Liner [65], 1999) 

Vertical sections are another commonly used 2D mapping tool in seismic data in

terpretation and it is also the major method in geological exploration. In geological ex

ploration, a series of consecutive cross-line sections that are perpendicular to the strike is 

used to calculate or track geologic structures such as anticline or fault plane. Similarly, 

features of these structures can be calculated and easily displayed on seismic sections, such 

as a fault structure that causes either displacement of beds or abrupt change in dip ( figure 

2.26). 

A 3D model is very helpful in building up the concept of an invisible geologic object. 

It is difficult to do this with 2D seismic data, although a 3D model can be constructed 

by overlapping a series of consecutive seismic sections (figure 2.27). In a 2D seismic 

exploration, the poststack seismic data is a 2D seismic section that is synthesized from 

a prestack data volume (figure 2.28), on which interpretation work wi l l be, traditionally, 

conducted. A 2D seismic section consists of seismic traces and may be considered as 

a geologic section, but the difference is that its vertical direction represents travel time 

rather than depth (figure 2.29). A selected horizon can be marked on a seismic section 

either manually or using a computer, and the time structure map for this horizon like a 

topographic map can be created by measuring the travel time on each of the consecutive 

seismic sections. Obviously, it is hard to create a 3D model directly from 2D seismic data, 
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Figure 2.27: Understanding an invisible 3D geologic structure by overlapping a series of 
consecutive 2D seismic sections (adapted from Anstey [1], 1982) 
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Figure 2.28: A 2D seismic section is synthesized from many prestack data volumes 
(adapted from Liner [65], 1999) 

and it is not easy to draw a time {depth) slice that is useful for interpreting sand channel 

systems. 

For 3D seismic exploration, a 3D poststack data cube wi l l be produced from the 

migration data processing of many prestack seismic data volumes (figure 2.30). Xcmp 

and Ycmp represent the two horizontal axes of a 3D seismic data volume, the vertical axis 

represent travel time and the data value is amplitude. Obviously, it is the data volume that 

we need in our volume visualization. 

A s a summary of this chapter: (1) We learned about seismic waves and their proper

ties by discussing the research on the earth's structure. It is important for us to understand 

that seismic waves can penetrate through the earth, and therefore, we can sample inside the 



2.2. SEISMIC EXPLORATION FOR OIL AND GAS 35 

Figure 2.29: A 2D seismic section consists of seismic traces and may be considered as 
geologic section (adapted from Anstey [1], 1982) 
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Figure 2.30: A 3D poststack data cube is yield from migration data processing of many 
prestack seismic data volumes (adapted from Liner [65], 1999) 

earth. (2) There are three kinds of geological objects for seismic exploration based on the 

analysis of oil/gas traps, such as geological structures, stratigraphie sequence and channel 

system. (3) 3D seismic exploration can sample the earth in a three dimensional manner. A 

seismic data volume consists of a 3D coordinate system (Xcmp,Ycmp and T) and a signed 

amplitude at each grid point. The signed amplitude contains information about rock or 

gas/water (oil) contacts, that is, a zero amplitude means no reflection at all ; a positive or 

negative amplitude represent a reflector (subsurface) but with different rock sequence; the 

greater the em amplitude, the greater is the difference of "hardness" (acoustic impendance) 

of the rocks that cross the contact. In general, we understand that seismology can help us to 

sample inside the earth and to acquire a 3D seismic data volume. For the next step, which 

is also the main focus of this thesis, what we think about is how to display a 3D seismic 

data volume using volume visualization. 
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Chapter 3 

Major Algorithms in Volume 

Visualization 

As an application oriented research using volume visualization, this thesis must be founded 

on the deep understanding of this technique. In this chapter, we are going to explore the 

theory and methods of volume visualization. 

3.1 An Overview of Volume Visualization 

The research of volume visualization was started in the early 80's and it has developed into 

a large group of visualization techniques with a variety of algorithms. But these algorithms 

lack a systematically classification. Some algorithms are confusing since various concepts 

and terminologies exist for the same algorithm. In this section, we try to clarify some 

important definitions and to summary the common issues, and then we try to classify the 

algorithms of volume visualization. 

3.1.1 Basic Definitions and Common Issues 

1. Definition of Volume Visualization: The definition, "volume visualization is com

puter graphic technique for displaying a volumetric data set", has been discussed in 

37 
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many papers [26] [81] [94] [33] [69] [51]. But we think this definition is not enough. 

For example, a volume-based visualization in 3D seismic exploration can display a 

seismic data volume, but it is not a volume visualization technique, since it does not 

use opacity for visualizing inside the earth. So we suggest a new definition as "vol

ume visualization is a computer graphic technique for displaying a data volume and 

it is, more importantly, to visualize inside a object rather than its surface". 

Volume visualization is one of the most interesting and fast-growing areas in scien

tific visualization. It is, in general, the process that projects a multidimensional data 

set onto a two-dimensional image plane, although different algorithms use different 

methods. In other words, volume visualization can construct a 3D model on a com

puter from a scalar data set that is defined on a multi-dimensional or volumetric grid, 

which most of the time is in three dimensions. 

The purpose of volume visualization is to visualize inside rather than outside a 3D 

object or a scientific phenomenon. It means that a solid object, such as a human body, 

can be made transparent to some extent, so that its interior structures are exposed to 

the viewers. A s all computer graphics techniques do, an image is created by assign 

three colors(RGB) values to each p ixe l 1 . The fourth color parameter — opacity 

value (a) is used specifically in volume visualization to adjust the transparency of 

each voxel 2 . It is, therefore, very useful for some scientific research such as medical 

diagnosis and geological exploration. 

2. Application Areas of Volume Visualization: Volume visualization, theoretically, 

can be applied to visualize any natural phenomenon as long as a data volume can 

either be sampled or derived from an experiment or a mathematical model. 

A natural object may consist of structured or non-structured materials, and it may be 

transparent or opaque, colored or non-colored. The purpose and ability of volume 

'Pixel is a single element of a picture. 
2Voxel is a cubic or rectangular-shaped space element that represents a element in a data volume. See 

Figure 3.7 
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visualization is to get inside an object rather than simply observing its surface. For 

example, fluid bodies such as clouds or water are transparent and do not contain any 

internal structures. A hurricane is an air body with different pressures and speeds of 

air fluid in a three-dimensional space (Figure 3.1). It is hard for humans to view a hur

ricane directly because air pressure and speed are both invisible. However, it can be 

easily visualized by using volume visualization techniques, in which different colors 

wi l l be used based on a volume data set that may be either air pressure or air motion 

speed. The whole procedure from creation, through evolution to disappearance of a 

hurricane can be visualized using a series of data sets. The research of hurricanes 

w i l l , therefore, become easier by aid of volume visualization techniques. Similarly, 

an ocean is a three-dimensional fluid object without any structure and color, and may 

consist of water flow in different directions. The temperature of ocean water is varies 

in three dimensions and may be affected by water flow and location from place to 

place. We can not see the water flow directly, but we are able to do so by visualizing 

the temperature of ocean water. (Figure 3.2). 

To those objects that consist of opaque and structured materials, such as a human 

body, an engine block or an underground geologic structure, the power of volume 

visualization is to view the interior of these objects. So far, volume visualization has 

been widely used in the medical field. Figure 3.3 and 3.4 are two images created 

by volume visualization. Most underground oil and gas reservoirs are made up of 

layered sedimentary rocks and we can not see them directly. However, volume visu

alization provides geologists a way to observe these traps through 3D views that are 

created from a volume of seismic data (Figure 3.5). 

In general, volume visualization is a powerful tool for scientific research. It is able 

to help scientists to visualize and simulate those events or objects, which are either 

invisible or too big, too small, too fast or too slow to record by previous methods. 

3. Source of Volume Data: Volume datasets can be generally acquired either through 
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Figure 3.1: A hurricane is a fluid body that consists of non-structure, invisible air [46]. 

0 180 360 
Longitude 

Figure 3.2: Temperature of ocean water visualized by volume visualization [15]. 



Figure 3.4: Two pieces of human lung visualized by volume visualization (from Mitsubishi 
Electronics America, Inc. [46], 1999) 
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Figure 3.5: A 3D view of seismic data volume created by texture mapping (from RockWare, 
Earth Science Software [16], 2001 

empirical methods or by sampling an object. Empirical datasets are constructed 

from a mathematical model such as Computational Fluid Dynamics (CFD), while 

an object-of-interest can be sampled by various methods. In the medical field, data 

volumes can be acquired by scanning human bodies using X-ray Computer Tomog

raphy (CT), Positron Emission Tomography (PET) and Magnetic Resonance Imaging 

(MRI). In prospecting oi l and gas reservoirs, 3D seismic geometry can generate a seis

mic data volume that contains the information of underground geologic structures in 

an exploration area. 

4. Sample Value and Coordinate System: In a data volume, a single or multiple scalar 

value is defined at each grid point of the 3D coordinate system. The sample value 

may be a measurement of any of the object's properties, such as density, pressure, 

temperature, electrostatic charge, and velocity. However, only one of the sample 

values is usually used when creating images by volume visualization. Images that at-
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Figure 3.6: A 2D representation of coordinate system: (a) Cartesian; (b) Regular; (c) Recti
linear (d) Structured (e) Block structured (f) Unstructured (modified from Watt [94], 1992) 

tempt to display more than one sample value are difficult to interpret. The coordinate 

system in data volume has been classified into different types and discussed in many 

papers [87] [26] [81]. Speray and Kennon [87] categorize coordinate systems of data 

volumes as seven types, which include cartesian, regular, rectilinear, structured (or 

curvilinear), block structured, unstructured and hybrid (Figure 3.6). Each type of 

coordinate is determined based on cell's shape and alignment with axis. O f these, 

cartesian and regular grid are the most "preferred" for volume visualization. A l l of 

the cells on a cartesian grid are cubes with the same size and are aligned with three 

axes. This means, a data volume with cartesian grid is yielded when an object is 

evenly sampled in three directions. A regular grid consists of identical axis-aligned 

rectangular prisms and usually is converted into cartesian grid. Most volume visual

ization implementations are based on these two coordinate systems, although some 

volume renderings are implemented on non-cartesian grids [96] and [24]. 

5. Representation of Data Volume - Voxel Vs. Cell: Any volume datasets can be 
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(a) (b) 

Figure 3.7: Representation of data volume: (a) voxel; (b) cell. 

treated in the same manner in volume visualization regardless of their source. How

ever, in order to create high-quality images, a data volume has to be re-sampled 

based on a casting ray or a threshold value. This re-sampling procedure is necessary 

for almost every volume visualization algorithm. For this reason, a data volume is 

usually represented as an array of voxels or cells (Figure 3.7). A voxel (or a element 

of volume) is a cubic or rectangular-shaped space that surrounds a grid point, and 

each voxel can represent a sample value at a grid point. In this case, a sample value 

in a data volume is simply thought of as a constant within a voxel space, and it is 

unnecessary to think about interpolation between grid points. A cell is also a cubic 

or shaped-shaped space but with 8 grid points at each vertex, whose sample value is 

varied between the grid points. With vorcZ-based representation of a data volume, 

the color and opacity of a pixel on a image can be obtained by casting a ray and 

re-sampling the voxels passed through by the ray. With ce//-based representation of 

a data volume, a surface is able to be extracted from the data volume by re-sampling 

or threshold, i.e. when the surface cuts a cell, each of its corners are evaluated either 

inside, outside or equal to the value of the desired surface. 

6. Data classification (Color and Opacity): Colors are used to represent different ma

terials or layers, while opacity is the switch turning a layer visible or invisible. To 

display a 3D object and to make its interior visible, correctly using color and opacity 

are very important and it belongs to the issue of data classification. 
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Figure 3.8: A head image with translucent skin and fat layers (adapted from Lacroute [57], 
1995) 

Data classification means to select colors (RGB) and opacity (a) for every voxel 

according to the scalar value in a data volume and it is a common procedure for 

every volume visualization algorithms. Data classification is the core work and is, 

most time, very difficult in an application of volume visualization. For example, in 

displaying a human head we may assign bone, fat and skin in different colors and 

opacity (Figure 3.8). but the problem is how to identify the data that belongs to 

different layers. Therefore, it is necessary to research the features of scientific data 

in detail. 

Data classification is slightly different from volume rendering to surface rendering. 

For surface rendering, a surface is extracted from a data volume first by specifying a 

threshold value. Then a color and opacity wi l l be selected for the surface and be ren-
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dered using normal shading methods. However, this procedure is more complicated 

in volume rendering. 

In volume rendering, every voxel of the data volume wi l l be assigned an original color 

and opacity. Then, these voxels have to be shaded based on their gradient vectors 

(approximation of surface normals), light source and viewer direction, from which 

an intermediate color value for each voxel w i l l be produced. Finally, the data volume 

can be rendered into a 2D image by blending the intermediate color of all voxels 

associated with their opacity. This complicated color re-sample procedure yields 

the unique ability for volume rendering algorithm to create transparent views from 

an opaque objects. Further more, the view depth into an object can be adjusted by 

changing the opacity value, such that a head image can be rendered with translucent 

skin and fat layers(Figure 3.8). 

7. Real-time Volume Visualization: There are many challenges in volume visualiza

tion technology. One of the major challenges is the typical large size of a data volume 

for a scientific object. For example, a seismic data volume is usually several hundreds 

of megabytes, sometime tens gigabytes. The bulk of data that is transmitted from an 

earth resource satellite is so large that most of it can only be stored rather than ana

lyzed. The lack of interactive frame rate has therefore limited volume visualizations' 

widespread use. Consequently, much effort has been spent on enhancing rendering 

speed over the last decade, and three approaches to achieve real-time visualization 

have been developed. These methods include highly optimized software, use of 3D 

texture mapping hardware or special-purpose volume rendering hardware. O f these, 

the VolumePro P C I board that is made by the Electronics America, Inc., is the first 

successful volume rendering hardware, which has allowed the volume visualization 

technique to enter a real-time era [78] [36] [47] [63]. 
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Figure 3.9: Classification of volume visualization algorithms 

3.1.2 Classification of Algorithms 

A s mentioned before, there are many volume visualization algorithms, but they lack a sys

tematically classification. Some algorithms are confusing since various concepts and termi

nologies exist for the same algorithm. The term "volume rendering" was used to describe 

volume visualization techniques in the past, but it is no longer able to represent all al

gorithms meaningfully in this area. In this thesis, we categorize volume visualization as 

volume rendering, surface rendering and 3D texture mapping (Figure 3.9). 

Volume rendering is more strictly used to describe those algorithms that directly 

project a data volume into images, hence, another term "direct volume rendering" ( D V R ) 

has been used for this kind of algorithm in many papers [59] [26] [81] [2]. A formal 

definition of volume rendering by Roberts [81] is stated as "volume rendering is the direct 

visualization of any three dimensional volume dataset; without the use of any intermediate 

geometric representation for isosurface". 

Volume rendering algorithms are again classified as image-based (or image-order, 

backwards mapping) and object-based (or object-order, forward mapping, projection method) 

according to how a data volume is traversed. Image-based algorithms cast a set of paral

lel rays, say one from each pixel, into a data volume and re-sample voxel's value along 

ray paths (Figure 3.10 a). In this traversal method, we search and calculate the contri

bution of voxels that are encountered by the ray based on a known pixel on the image. 



48 CHAPTER 3. MAJOR ALGORITHMS IN VOLUME VISUALIZATION 
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Data cell 
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Figure 3.10: a) The way of traversais of a data volume by image-based algorithms ; b) The 
way of traversais of a data volume by object-based algorithms (adapted from Watt [94], 
1992). 

Image-based volume rendering algorithms include ray-casting [59], cell integration and 

Sabella[S2] methods etc. 

Object-based volume rendering algorithms use inverse mapping order by projection 

of a voxel onto an image plane, and then deciding which pixel should accept the contri

bution from this voxel (Figure 3.10 b). B y using this traversal method, voxels along the 

viewer's direction are sorted and their composite value can be painted on the image either 

in a back-to-front or front-to-back order. Back-to-front order means that a data volume is 

traversed from far away from the screen to near the screen. That is, the voxels located far

ther from the screen are traversed first to create a composite value, based on shading and 

opacity, in the frame buffer such that the value may change several times until the frontal 

voxel is processed. In front-to-back order, the voxels near screen are processed first. Once 

an opaque value, created by voxel v, is stored in the frame buffer, all voxels behind v are 

ignored (Figure 3.11). Object-based volume rendering algorithms includes splitting [95], 

V-bujfer [92] and slice shearing. 

Surface rendering algorithms do not render a data volume directly but find and ex

tract an isosurface from a data volume first and then render the surface using standard meth

ods. Because of this meaning, surface rendering have alternative names such as surface-

fitting (SF), indirect volume rendering (IVR), feature-extraction and isosurface etc. Simi

larly, Roberts [81] gives a formal definition of surface rendering as "Surface rendering is 
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Figure 3.11: A 2D view for front-to-back and back-to-front traversal method in object-
based algorithm (adapted from Gargantini [33], 1998) 

the visualization of a surface, from a geometric approximation of an isosurface, within a 

volume dataset". 

In contrast to volume rendering, surface rendering algorithms only traverse a data 

volume once to extract surfaces, where the user begins by specifying a threshold value and 

then geometric primitives are automatically fitted to the high-contrast contours in the data 

volume that match the threshold. Surface rendering algorithms include: marching cube 

[94] [75] [68], contour-connecting [25] [31] [32] [53] [70], opaque cube, dividing cubes, 

and marching tetrahedral [90]. 

3D texture mapping is a newly developed volume visualization method and it is 

based on the OpenGL graphic library. Most volume visualization documentation did not 

discuss the 3D texture mapping and consider that this approach fits volume visualization 

task to current technologies, and offers a means for retrofitting conventional polygon based 

techniques to handle volume data sets [69]. However, we think of 3D texture mapping 

as one of volume visualization techniques, since it can create a transparent volume and 

provides a way to visualize inside the earth by stacking a series of transparent 2D texture 

maps. 
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Volume Rendering Algorithm 

Volume rendering technique is able to create high-quality images and to make the interior of 

an object visible. Its major disadvantage, i.e. the slower rendering speed, is being overcome 

by both highly improved computer abilities and optimized algorithms. Therefore, real-time 

volume visualization using volume rendering is becoming a reality. As a result, volume 

rendering is becoming the most important technique in volume visualization. 

The special-purposed hardware based on volume rendering algorithms, such as Vol-

umePro, play a major role in real-time volume visualization, although faster and more 

powerful computers are also important. The VolumePro real-time ray-casting system by 

Mitsubishi Electric Inc. [46] can render data volumes with up to 16 million voxels (e.g., 

256 3 ) at 30 frames per second. Among the volume rendering algorithms, ray-casting is 

the most often used volume visualization algorithm, while the shear-warp is considered to 

be the fastest volume rendering algorithm, which combines the advantages of image-based 

and object-based algorithms and can render a 256 3 voxel medical dataset in one second 

(running on SGI Indigo workstation) [57]. In this section, we are going to discuss the prin

ciple of volume rendering algorithm by discussing ray-casting (image-based) and splatting 

(object-based) algorithms. 

3.2.1 Ray-Casting 

The ray-casting algorithm is, in general, based on the Blinn/Kajiya's cloud model [4] [49] 

[94]. In this cloud model, a volume is supposed to be made up of spherical particles that 

both scatter and attenuate light passing through the volume. Both attenuation and scattering 

depend on the density of the particles. A ray-casting algorithm casts a parallel ray from 

the viewer (or image plane) into the volume. A t each point along the ray, the progressive 

attenuation due to the particles is computed. A t the same time, the light scattered in the eye 

direction from the light source is computed at each point. These values are integrated along 

a ray and a single brightness value is computed for each ray (or pixel on the image). Ray-
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Figure 3.12: Pipelines of ray-casting algorithm (adapted from Levoy [59], 1988) 

casting is a typical image-based volume rendering algorithm, although the term "object-

space ray-casting" appears in some papers [69] [94]. 

The ray-casting algorithm is the most often used volume visualization algorithm, 

which is able to create high-quality images. A description of the ray-casting algorithm 

appears in many papers [59] [60] [94] [61] [26] [81] [96] [49] [78] [97]. We wi l l discuss 

Levoy's algorithm [59] in this section as an example of ray-casting algorithm. 

There are two pipelines called shading and classification in Levoy's ray-casting al

gorithm [59], which are summarized in Figure 3.12. A prepared sample data volume is the 

input for both shading and classification pipelines. The output from the shading pipeline is 

a volume of voxel colors Q_(x¡), X = r,g,b, while the output from the classification pipeline 

is a volume of voxel opacity 0t(x¡). The final step of ray-casting is to calculate color compo

nent for each pixel of the image by composing the colors and opacity of voxels along rays. 

We discuss this procedure by dividing it into several steps, which are data preparation, 

data classification, data re-sample and data composition (or image rendering). 

1. Data Preparation : It is the first step for ray-casting, and also is necessary for any 

other algorithm. Data preparation may include correction for both coordinate system 

and data value, such as making non-orthogonal sample grid into cartesian or regular 

grid; making data value free of noise and correcting for out-of range. In Levoy's 

paper [59], the data value in the original volume is denoted by /o(x¡) which defines 
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the voxel at location Xj = (¾,)¾,¾). The prepared value is denoted by f\ (x¡). 

2. Doto Classification : A s mentioned earlier, the procedure of data classification is 

to choose color and opacity for every voxel, based on the data value that has been 

output from the last step. These works are conducted separately in two pipelines in 

Levoy's approach. In the shading pipeline, every voxel in the data volume is allocated 

a color and then, the volume is shaded using a local gradient approximation to obtain 

a surface normal at the voxel location. Finally, three color components intensity of 

each voxel in the data volume is calculated using the Phong reflect model, that is: 

Qt(xi) = cp,xka,x+- +

C g^ ( x j ) [W(N(xi)-L) + ^ ( N ( x , ) - H ) w ] (3.1) 

where: 

CJL(xì) = A,'th component of color at voxel location x¡, A, = r, g, b, 

Cp,\ = X 'th component of color of parallel light source, 

ka,x = ambient reflection coefficient for A'th color component, 

kd,x = diffuse reflection coefficient for A,'th color component, 

ks,x = specular reflection coefficient for A,'th color component, 

n = exponent used to approximation highlight, 

h,k2 — constants used in linear approximation of depth-cueing, 

d(xi) = perpendicular distance from picture plane to voxel location x¡, 

N(xj) = surface normal at voxel location x¡, 

L = normalization vector in direction of light source, 

H = normalization vector in direction of maximum highlight. 

Since parallel rays (or light) and orthographic projection are used, the light source 

vector L and viewer vector V are constants, therefore, the maximum highlight vector 
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H is also constant and calculated as following: 

- 1 ¾ 
and the surface normal is given by: 

where the gradient vector V / (x ¡ ) is approximated using the operator: 

V/(x ¡ ) = Vf(xi,yj,Zk)& 

( « !/(**+ i*yj*Zk)- / ( * « ' - 1 5 3 ' ; , ¾ ) ] , 

hffayj+uzk) - ffayj-uzk)], 

l\f(xi,yj,Zk+i) -f(xi,yj, Zk-i)]) (3.4) 

In the classification pipeline, every voxel in the data volume is assigned an opacity. 

Usually, we wi l l assign a high opacity value to voxels that represent an interesting 

layer in an object. It may however be more difficult to build up a blending func

tion for opacity since it is very context dependent. Levoy discussed classification of 

opacity for two types of data in his paper, i.e. iso-value contour surface and region 

boundary surface. Iso-value surface is a kind of virtual surface that is defined by 

points with equal value. For example, isothermal surfaces in a room can be con

structed by connecting points with equal temperature. Region boundary surfaces are 

real surfaces that exist within an object and bound a layer, such as in a human body 

and within stratigraphy. For region boundary surface like a human head, Levoy de

sign a opacity classification function tx(x¡) (Eqn 3.5) that depend on the data value 

(/(XÍ)) in data volume, the surfaces's opacity ( a v „ ) which are assigned to the surfaces 
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Figure 3.13: The opacity value of a voxel is determinated by the surfaces' opacity (a (x¡ ) ) , 
data value ( / (x ¡ ) ) and gradient magnitude (| V/(xj) |) (adapted from Levoy [59], 1988) 

depending on user's interest and the local gradient vector (| V / ( x ¡ ) |): 

a(xi) =| V/ (x ¡ ) 
a v„+i 

/ ( X i ) - / v , 

n+l fvn 
0 otherwise 

(3.5) 

where N tissue types are assumed and where each tissue has a C T value fVn,n = 

1,...,N, N>\ such that fVm < fVm+l,m = \ ,...,N — 1. Also , no tissue of C T number 

fv touches any tissue of C T number fVn . 

In this function, the local gradient vector is an important factor that affects the final 

opacity of a voxel, that is, i f | V / ( x ¡ ) |= 0 then a(x¡) = 0. This means, a completely 

homogeneous region wi l l become transparent. In this manner, the boundary surface 

for a layer is enhanced but the effect of its interior materials is eliminated. The 

relationship between a voxel's opacity (0c(x¡)) and the three factors — data value 

(/(xj)), gradient magnitude (| V / ( x ¡ ) |) and surfaces' (ocVfI) is shown in a simple 

example (Figure 3.13). There are three tissue types with A , B and C of three boundary 

surfaces. The corresponding data values are fVA, fVg and fVc and the arbitrary opacity 

value selected for these surfaces are aVA, aVB and aVc. 

-/(x¡) 

3. Data Re-sampling : Re-sampling the data volume is the key point to understand-
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Figure 3.14: Re-sample procedure of the ray-casting algorithm (adapted from Levoy [59], 
1988) 

ing ray-casting algorithms. It is the procedure that reconstructs and transforms the 

data volume from object coordinate system into world coordinate system. A s we 

discussed above, the original data volume / i ( x ¡ ) has been converted into a color 

data volume C\(x\) and an opacity data volume tx(x¡) in the data classification step. 

But these volumes are still defined on the original object coordinate system x¡ = 

(xi,yj,Zk)- In this step, parallel rays are cast into the color volume and opacity vol

ume from the viewer's eye point, say each ray corresponds to one pixel on the im

age, and then color and opacity are re-sampled evenly along each ray (Figure 3.14). 

These sample values are computed by trilinear interpolating from eight voxels that 

surround the sample location. In this way, the color volume C\(x¡) and opacity vol

ume oc(xi) are re-sample into other two data volumes, one is the sample color volume 

with Q_(x¡) and another is the sample opacity volume with a ( x ¡ ) . A t the same time, 

the sample color and opacity data volume have been transferred to a new coordinate 

system, i.e. world coordinate system x¡ = ( ¾ , ¾ , ¾ ) . 

4. Data Composition : The final step is to calculate the color value C^(ü¡) for each pixel 

in the image by merging sample color, sample opacity and an opaque background 

(Figure 3.15). The method used by Levoy is to composite sample color and opacity 

of each voxels along the ray in a back-to-front order, that is, the background color 
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Figure 3.15: Composition color and opacity in ray-casting algorithm (Modified from Watt 
[94], 1992) 

Cbkg,X with fully opaque is, first, taken as the input color C¡n x(ü¡) and is combined 

with the voxel that is farthest from the viewer, and then, the resulting color CoM >,(ü¡) 

is merged with the next voxel along the ray. This composition procedure continues 

until a single color value Q_(ü¡) is yielded. The relationship between output color 

Q>mí,X(ÜÍ)' input color C ¡ n ^ ( ü ¡ ) , voxel's sample color Q_(x¡) and sample opacity a (x¡ ) 

can be expressed by the following formula: 

C O M Í ) X ( ü i ) = C í n ^ ( ü i ) ( l - a ( x i ) ) + C x ( x i ) a ( x ¡ ) (3.6) 

The final color value Q ,(ü¡) of a pixel along a ray is calculated by following formula: 

k k 
Cji(üi) =Cx(üi,Vj) =^[Cx(xi,yj,Zk)a(xi,yj,Zk) Yl (1 -«(¾»¾»¾))] (3-7) 

k=0 m=k+l 

where Cx{xi,yj,zo) = Cbkgix and a{xhyj,zo) = 1 

3.2.2 Splatting 

Splatting is an object-based volume rendering (or DVT?) algorithm [95] [26] [34]. Compar

ing with ray-casting, splatting projects each voxel of a data volume onto the image plane 
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Projection of voxel 

Figure 3.16: A conceptual model for splatting algorithm 

rather than casting rays from pixels of the image into the data volume. In other words, 

instead of considering how multiple samples contribute to a pixel, consider how a single 

sample from a data volume can contribute to many pixels on the image. The projection 

of a voxel on the image may cover a small area that consists of many pixels. A l l pixels 

within this area wi l l receive contribution from this voxel, but the contribution to pixels at 

the center of the projection wi l l be high and wi l l drop off further away from the center as 

shown in Figure 3.16. It is something like throwing a tomato at a wall and that is why this 

algorithm is called splatting. 

In order to find the pixel extent of this contribution, a filter called reconstruction ker

nel is used to create a 3D space that encloses a voxel. The kernels are same for every voxel 

in an orthographic view so that the calculation of kernel need be done only once. However, 

a new kernel must be calculated for each voxel in a perspective view. Spherical and ellipti

cal filters are the two type of reconstruction kernel in splatting algorithm. Spherical kernel 

(Figure 3.17 a) is used for a data volume with cartesian coordinate system, that is, the input 

volume has equal spacing in each direction of the grid, while elliptical kernel (Figure 3.17 

b) is used for a data volume with regular coordinate system. The projection of a kernel 

that enclosed a voxel is called footprint that covers pixels affected by the voxel (Figure 

3.16). The major tasks for splatting algorithm are the determination of footprint function, 

the sampling of the footprint function, and the spreading of the voxel's contribution. 
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a) b) 

Figure 3.17: Reconstruction kernel in splatting algorithm: a) A sphere kernel for a data 
volume with cartesian coordinate system; b) A elliptical kernel for a data volume with 
regular coordinate system (adapted from Westover [95], 1992). 

Similar to ray-casting algorithm, voxels in a data volume have to be shaded before 

splatting on the image, and it is the data classification procedure that is common to other 

volume rendering algorithm. This includes transformation of data samples from input 

grid space < i, j,k > to screen space < x,y,z >, and then; shading of the samples us

ing user specified parameters. The resulting samples are voxels with the information of 

< x,y,z, red, green,blue,a >. 

The procedure of splatting traverses the data volume in a front-to-back order. That 

is, voxels are splatted according to their distance from the image plane, with the closest 

voxel being splatted first. The voxels in one slice are all splatted before the next slice. The 

contribution of color< red, green, blue > and opacity < a > from a voxel are calculated 

and combined with the working image when the voxel is splatted. The working image 

becomes the final image after all voxels in the data volume having been splatted. 

3.3 Surface Rendering Algorithm 

The feature of surface rendering algorithms is to extract the desired surface from a data 

volume, and the surface is rendered each time when changing viewing and light param

eters. Obviously, the surface rendering method does not render the whole data volume 
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directly but a subset of volume data that represent the desired surface. For this reason, 

surface rendering is much faster than volume rendering, but its resulting image may occa

sionally contain false positive and negative pieces. A n d also, it is hard for surface rendering 

algorithms to handle small and poorly defined features in a data volume. 

Similar to volume rendering, surface rendering is another large group of algorithms 

in the family of volume visualization and consists of contour-connecting, marching cube, 

dividing cube and marching tetrahedral. Technically, these algorithms fall into two cat

egories, one is called contour-connecting that finds a surface based on the contour on a 

stack of 2D planes (or slices), such as skimming and direct ray tracing algorithms; another 

is called marching cube that finds a surface by thresholding a data volume and includes 

dividing cube and marching tetrahedral algorithm. In this section, we introduce surface 

rendering by discussing contour-connecting and marching cube algorithms. 

3.3.1 Contour-Connecting 

Contour-connecting algorithms were used early to visualize a data volume [53] [31] [25] 

and they are essentially a kind of two-step methods for finding a 3D surface from a data 

volume. A data volume can be divided into a stack of 2D planes or slices. The first step of 

this algorithm is to track contours, which is based on a specified value by the user, on each 

slice of the data volume; the second step is to connect contours in adjacent slices. From 

this, a 3D surface is defined and is rendered by selecting viewing, lighting and rendering 

parameters. 

One of the contour-connecting algorithms called "skimming algorithm" [32] is demon

strated in Figure 3.18 a). A 3D object of interest is first defined on a series of 2D slices, 

where contour lines are detected by using an edge-tracking algorithm [94]. The contour 

lines in adjacent slices are then connected into a polygon mesh. 

Direct ray tracing is another contour-connecting algorithm [94] as shown in Figure 

3.18 b). The first step is same as the skimming algorithm, i.e. the area of interest, which 

is the intersection of a 3D object and the slice, is found by tracking the contour line. Once 



60 CHAPTER 3. MAJOR ALGORITHMS IN VOLUME VISUALIZATION 

a) b) 

Figure 3.18: Contour-connecting algorithms: a) Skimming algorithm; b) Direct ray tracing 
algorithm (adapted from Watt [94], 1992). 

the planar contours are found on all of slices of the data volume, rays from the viewer are 

cast into the stack of contoured slices. Each ray intersects with a notional line that connects 

contours in adjacent slices. The normal of a notional line wi l l be yielded within the plane 

that contains the ray and the line, and can be used to render the pixel through which a ray 

is cast. 

3.3.2 Marching Cube 

Compared with the contour-connecting methods, the marching cube algorithm [101] [68] 

[94] does not consider any 2D slices, while a desired 3D surface is extracted directly by 

thresholding a data volume. 

A 3D surface within a data volume is called an isosurface, which is represented by 

a series of spatial points with the same value of samples. This means, a surface can be 

extracted from a data volume as long as those spatial points are found. For a specific value 

(i.e. a desired 3D surface), a data sample in the data volume may be greater, smaller or 

exactly equal to this value, but most of these spatial points wi l l be located by interpolating 

from the data samples. In the marching cube algorithm, this numerical problem has been 

converted into a topological problem, i.e. how a surface cuts a data cube (cell). 

A data volume is represented as axis-aligned data cubes in the marching cube algo

rithm. A data cube, more exactly, a data cell is a cubic shaped space with 8 grid points, one 
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Figure 3.19: The fourteen ways for an iso-surface to cut through a data cell (adapted from 
Watt [94], 1992) 

at each vertex (Figure 3.7 b). For a specific value (a 3D surface), a data cell may be either 

below or above the surface. In other words, a data cell may not intersect with the surface 

at all , since all of its eight samples values at its vertices are either greater or less than the 

thresholding value. These data cells w i l l not have any contribution to the surface. On the 

other hand, a data cell w i l l intersect with the surface i f part of its eight samples values are 

greater, smaller or equal to the surface value. These data cells actually are connected with 

each other and form into a "envelope" for the desired surface. Therefore, it is the first step 

for the marching cube algorithm to find all of the data cells that intersect the surface by 

traversing the whole data volume. 

The second step for this algorithm is to find facets (i.e. part of the surface) within 

each cell that intersect with the surface (Figure 3.19 ). A data cell has 8 vertices (data 

samples) and each sample has 2 states in which its value is either greater or less than the 

surface value. For this reason, there are 256 (2 8) ways for a surface to cut a data cell and 

these patterns have been reduced into 14 cases by considering the relationship of topology 
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Figure 3.20: 3D texture mapping — a new volume visualization technique. 

and rotational symmetry [68]. 

The last step in the marching cube algorithm is to calculate the normal for each 

small triangle and then to render these by using a conventional technique such as Gouraud 

shading. Three gradient values at intersection points are calculated for a triangle by inter

polating the eight vertices of the cell, and then the normal of the triangle is approximated 

from interpolating the three gradient values at the vertices. 

3.4 3D Texture mapping 

Texture mapping is a computer graphic technique to tile an image on a 2D plane or to 

wrap an image around a 3D object [43]. The OpenGL graphics library provides a group of 

functions that can implement texture mapping very easily. With the recent development of 

3D texture mapping hardware , this technique has been used to visualize volumetric data 

sets, especially for displaying 3D seismic data (Figure 3.5). 

3D texture mapping is different from both volume rendering and surface rendering in 

displaying a data volume. With this technique, a group of 2D texture maps are created from 

a series of 2D slices in a data volume and a user-specified color table. These 2D texture 

maps are then tiled onto corresponding surfaces of the data volume (Figure 3.20 ). If each 
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slice is created as a transparent 2D texture image by assigning a specific opacity (a) for 

each pixel, we can create a transparent volume by stacking these transparent 2D texture 

images. It is why we treat 3D texture mapping as one volume visualization technique in 

this thesis. 

So far, most commercial seismic visualization systems are implemented with 3D 

texture mapping. With this visualization system, a 3D seismic data volume is displayed 

as 3D texture maps on the computer screen, and these textures wi l l change when the data 

volume is rotated or sliced, in which newly visible surfaces (slices) along three axis are 

made into new texture images automatically. 

A s summary of this chapter: (1) We learn that volume visualization is a computer 

graphic technique with various algorithms. They can not only display a data volume, but 

also enables people to visualize inside a 3D object. (2) Based on the study of algorithms, we 

categorize volume visualization algorithms as volume rendering, surface rendering and 3D 

texture mapping. Of these three categories, surface rendering and 3D texture mapping are 

fast but volume rendering can create high-quality images and it is more suitable to visualize 

interior structure of an object. A t the same time, we found that current major commercial 

seismic visualization systems adopt 3D texture mapping rather than the traditional volume 

visualization algorithms — volume rendering and surface rendering. (3) The research of 

volume visualization may have started in the early 80's. But has not been really useful 

until the last three years when some hardware-based volume visualization systems came 

out. The volume rendering technique is considered more suitable to visualize the interior 

structure of a object and the real-time volume rendering system has been available since 

1999. The task left for computer graphic programmers and scientists wi l l be how to apply 

volume visualization to their research area. (4) Data classification is the core work and is 

also the difficult problem for an application of volume visualization. The solutions for data 

classification largely depend on the data features and scientific researches of the object. 
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Chapter 4 

Volume Visualization of 3D Seismic Data 

Following the discussion of seismic exploration in chapter 2 and volume visualization in 

chapter 3, a discussion of how to apply volume visualization for displaying 3D seismic data 

is presented. 

In this chapter, we define three data classification methods for displaying different 

kinds of geological objects in seismic exploration, and then we discuss how to interactively 

interpret seismic data through The Earth CT, which is a relatively simple seismic package 

that is implemented by the author. 

4.1 Overview 

A s a newly developed technique, volume visualization of seismic data started around 1997, 

although 3D seismic exploration techniques have been widely used in oil/gas exploration 

since the early 80's, Before discussing volume visualization of 3D seismic data, we want 

to discuss some basic definitions and issues. 

4.1.1 The Basic Definitions and Issues for 3D Seismic Visualization 

1. Methods for Visualizing Seismic Data: K idd (1999) [54] stated that there are two 

basic types of seismic visualization namely map-based (or surface visualization) and 

65 
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volume-based (or volume visualization). In our opinion volume-based visualization 

is different from volume visualization as discussed in chapter 3. The map-based and 

volume-based visualizations have already been used in seismic exploration, while 

volume visualization is a newly developing method. The differences between these 

three visualization methods are now considered. 

Map-based visualization: It is a traditional method that is based on 2D seismic 

exploration. A series of C M P points are designed along a line that is usually perpen

dicular to the strike of the strata. A l l of the traces in the line are mapped into a 2D 

seismic section, on which the geological structures can be identified. The map-based 

method has been used either manually or computer-aided. 

Volume-based visualization: It is a kind of computer-aided visualization method 

and it has been used in 3D seismic exploration. Similar to volume visualiztion, it is 

based on a 3D seismic data volume but can not creates a transparent seismic volume. 

Volume-based visualization slices a seismic data volume and displays it as a series of 

vertical and horizontal 2D maps. Of these, section maps (vertical slices) along either 

in-line or cross-line directions are useful in studying fault planes or horizons, while 

time-slices (horizontal slices) are powerful in identifying channel system which is a 

kind of preferable gas/oil geological structure. Additionally, time-maps and depth 

maps are also the major methods to research geological structures by volume-based 

visualization. However, volume-based visualization does not intend to construct any 

3D geological model by projecting a seismic data volume onto a 2D image space, 

nor wi l l any opacity values and voxel be considered in displaying the seismic data 

volume. It is important to understand that volume-based visualization is not volume 

visualization. 

Volume visualization: It is also based on a seismic data volume that is generated 

from a 3D seismic geometry. But it is different from volume-based visualization, 

because a 2D image generated by volume visualization is a projection of the whole 

3D seismic data volume rather than a 2D slice. Most importantly, the opacity value 
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— the fourth color parameter of each data (voxel) wi l l be considered in volume vi

sualization. Volume visualization can be implemented either on an individual P C , a 

workstation, or in a special computer lab called an immersion cave. The immersion 

cave (virtual reality) has been rapidly developed in the past three years[38] [71]. In 

an immersion cave, computer generated images are offset and projected onto a large 

curved screen, and a kind of special stereo effect (virtual reality) wi l l be produced in 

an immersion cave for users who wear head-sets. It is helpful in interpreting seismic 

data interactively. 

2. The Geological Objects to Be Displayed: In 3D seismic visualization the most im

portant thing is to correlate the pictures generated with geological information so 

that potential oil/gas traps can be identified. Based on the research of oil/gas traps 

in chapter 2, we found that the structural type of oil/gas traps (anticline, dome, salt 

dome and fault) are partial sedimentary geological structures. Stratigraphy type of 

oil/gas traps (primary pinch out, unconformity, fluvial channel and growth fault) usu

ally are located at a specific rock layer in a stratigraphie sequence, of these, fluvial 

channel systems consist of linear sandstone bodies that do not relate to any rock 

layers. Therefore, a seismic visualization system should properly display these ge

ological objects — sedimentary geological structures, stratigraphie sequences and 

channel systems. Let's discuss these objects from the view of geometry. 

Sedimentary geological structures are formed by folding or faulting of sedimentary 

rock layers. The shape of the planes is the major factor for identifying a geological 

structure. Sedimentary geological structures can, therefore, be displayed by either 

rock contact1 or rock layers.. 

Stratigraphie sequence represents a rock column in which the order of rock lay

ers and their thickness are important. In order to find a potential oil/gas trap in a 

stratigraphie sequence, the rock layers and thickness must be displayed properly. 

'Rock contact means the interface between two rock layers without thickness, it is called subsurface in 
geophysics and bounding area surface in volume visualization 
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Fluvial channel systems consist of linear sandstone bodies that expand horizontally. 

They can be viewed easily on the time slice but not from sections. Chancel systems 

may be displayed in a transparent seismic volume by eliminating background rocks. 

3D Seismic Data Volume: A s we discussed in chapter 2, a seismic data volume can 

be acquired from various 3D seismic shooting geometries and it consists of a 3D 

coordinate system and a scalar sample value at each grid point. 

The 3D coordinate system is made up of three axes (Xcmp, Ycmp and T) (Figure 

2.30). The two horizontal axes, Xcmp and Ycmp, are parallel with in-line and cross-line 

directions respectively and they represent the distance of the common midpoint of re

flections. The vertical axis T represents the travel time of seismic waves with various 

sample intervals. Therefore, a poststack seismic data volume is a time-domain data 

volume which is usually used by most seismic visualization systems. Compared to 

standard coordinate systems (Figure 3.6), it should belong to a kind of regular coor

dinate system, and it is very easy to convert into the cartesian system by adjusting 

the vertical scale. 

The Amplitudes in a 3D seismic data volume are the sample values of seismic waves 

and they represents the reflective intensity of seismic waves on a subsurface (rock or 

gas/water contact). Each grid point of the 3D coordinate system is associated with a 

amplitude value that may possibly be positive, negative and zero. A zero-amplitude 

indicates that none of the seismic waves are reflected at the grid point, and means 

that this grid point does not locate on a subsurface. A positive-amplitude is related to 

a kind of subsurface such as that of a "hard" rock formation over a "soft" rock layer; 

inversely, a negative-amplitude represents a subsurface where a "soft" rock layer 

is above a "hard" rock layer. The amplitude depends on the relative difference of 

acoustic impedance (p • V) of rocks at a subsurface, that is, the greater the difference 

of acoustic impedance, the greater the amplitude is. It should emphasize that a non

zero amplitude only means a rock interface (bounding area surface) and it does not 
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contain any information about the thickness of the two rock layers. 

4.1.2 Current Commercial Seismic Visualization Systems 

We were told that volume visualization of seismic data is quite a rage since 1997. Indeed, 

we saw the immersion caves of several major commercial seismic visualization systems 

at the World Petroleum Conference 2000 at Calgary, which appeared very professional, 

luxurious and large in size. A s the commission of this thesis, the first thing for us is to 

understand these commercial systems: what algorithm of volume visualization are they 

using? What are their advantages and disadvantages? However, we get into trouble in 

looking for the information about these systems. A s discussed in chapter 3, we spent a 

lot of time and effort on studying volume visualization algorithms, but none of these can 

help in understanding these systems. On the other hand, most documents that introduce 

visualization of seismic data are more like user-guides and they do not discuss any concepts 

and algorithms of volume visualization, even rarely mention 3D texture mapping. Finally, 

we found that current seismic visualization systems have gone another way. 

1. 3D texture mapping: Most commercial seismic visualization systems, such as Vox-

Geo, GeoProb, EarthCube and GeoViz, adopt the 3D texture mapping technique. 

Actually, it does not mean any traditional volume visualization, although it can be 

considered a kind of volume visualization technique. 3D texture mapping is a tech

nique that builds on the OpenGL graphics Library and it is different from volume 

rendering and surface rendering as discussed in chapter 3. 

The Volume rendering technique is considered more suitable to visualize the interior 

structure of a object and the real-time volume rendering system has been available 

since 1999. However, the volume rendering technique has not been used for visual

ization of seismic data. Why? The possible reasons are: (1) The computing intensity 

has been largely reduced by 3D texture mapping, these systems are, therefore, very 

fast for displaying seismic data volumes. (2) The images generated by these systems 
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Figure 4.1: A seismic volume image generated from the VoxGel seismic visualization sys
tem (Modified from K i d d [54], 1999) 

have, basically, met the industrial requirement in interpreting geological structure. 

(3) There is not a theoretical foundation for these seismic visualization systems. Ob

viously, the concepts and algorithms of volume visualization have not been imported 

in this area. 

2. Bounding Area Surface Vs. Rock Layers: Based on the research of 3D seismic 

data in chapter 2, we found that the major weakness for current seismic visualization 

systems is that they can only display bounding area surfaces (i.e. rock contacts) 

rather than rock layers. Consequently, the image generated by these systems, such as 

Figure 4.1, may help to interpret geological structures but are no help in identifying 

rock layers and the stratigraphie sequence. At the same time, rock contacts on these 

images (Figure 4.2 and 4.3) appear vague and non-realistic so that they are very easily 

misunderstood as rock layers. 

The weakness of the current seismic visualization systems, obviously, derives from 



Figure 4.3: A seismic image generated by the VoxGel (Modified from K i d d [54], 1999) 
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the data classification method. However, none of documents about seismic visual

ization discusses the concept of data classification. In other words, classification 

of seismic data seems to have not been systematically researched in current seis

mic visualization systems. Actually, color and opacity are selected according to the 

amplitude values in these systems. It is simple and also powerful, but this data clas

sification method can not fulfill all the tasks in the visualization of seismic data. 

4.1.3 What We Can Do 

So far we have found the basis for the subject of volume visualization of 3D seismic data 

by studying oil/gas traps, seismic data, volume visualization algorithms and current com

mercial seismic visualization systems. What we are thinking about now is what we can do 

with this thesis research, the most important thing is what contribution we can make for 

this research area based on our resource. 

A s a master of science thesis in computer science, there are many potential research 

topics but three of them are more interesting to us, they are: (1) Focusing on a new volume 

visualization algorithm that would be faster or be able to enhance the quality of the image 

generated from a data volume. (2) Finding a new seismic data processing method such as 

horizon-tracking that would be able to find a specific rock layer. (3) Discovering a universal 

data classification method, say a non-linear opacity blending function, which could present 

all geological objects in the best manner. Let's discuss the significance and possibility of 

these potential research topics. 

1. A New Volume Visualization Algorithm: A s we discussed in chapter 3, there are 

already many algorithms of volume visualization. Of these, ray-casting is consid

ered the best method in volume visualization. Levoy [59] published this algorithm in 

1988 and Lacroute (Levoy's Ph.D student)[56] published a faster algorithm — called 

shear-warp factorization in 1994. The world's first single-chip real-time volume ren

dering system that is implemented with ray-casting algorithm — VolumePro, is pro

duced by Mitsubishi Electronics American Ine in 1999 [46]. Since that the simpler 
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and faster 3D texture mapping technique has been developed in seismic visualization 

systems in the past three years. Obviously, It w i l l be very difficult and less signifi

cant i f we focus our research on a new algorithm of volume visualization, especially, 

when hardware-based real-time visualization systems are available today. 

2. A New Seismic Data Processing Method: Horizon-tracking has been interesting 

and also the major problem for both volume visualization and seismic data process

ing. A s one topic of volume visualization as discussed in chapter 3, surface rendering 

(or horizon-tracking) has been researched by many people [94] [75] [68] [25] [31] 

[32] [53] [70] [90]. A s one topic of seismic data processing, many geophysics and 

researchers [42] [58] [41] [3] also have been investing their effort in horizon-tracking. 

3. An Universal Data Classification Method: Data classification is one of the im

portant works for scientific visualization, and it is also a possible research topic for 

this thesis. But, it seems pointless to develop an universal data classification method 

such as a non-linear opacity blending function in volume visualization of seismic 

data. Because oil/gas traps are all different, and it is, therefore, impossible to build 

a fixed model for all oil/gas traps. On the other hand, oil/gas traps are more com

plicated than human heads and they, very likely, consist of duplicated, discontinuous 

and orderless rock layers. We may display the three geological objects, geological 

structures, stratigraphie sequences and fluvial channel systems, by designing differ

ent data classification methods. 

Based on the analysis above, we can (1) Develop a data classification method for each kind 

of geological object. (2) Exploring the ways for the interactive interpretation of seismic 

data by using volume visualization. 
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4.2 Classification of 3D Seismic Data 

Although the concept of data classification is rarely discussed in current commercial seis

mic systems, it is very important in volume visualization. Data classification means to 

select color and opacity for voxels based on the scalar value in a data volume as discussed 

in chapter 3. A 3D seismic data volume contains the data of Xcmp,Ycmp,T and Amplitude 

and it represents a sedimentary rock cube that may consist of different geological objects, 

such as sedimentary structures, stratigraphie sequence and channel systems. In attempted 

to display these geological objects, the color and opacity values of voxels may be selected 

directly based on the amplitude or other data in a 3D seismic volume. 

In this section, we define three data classification methods for displaying the three 

kinds of geological objects based on their geometry features as discussed in section 4.1.1. 

They are (1) Amplitude-domain data classification for sedimentary geological structure, (2) 

Time-domain data classification for stratigraphie sequence and (3) Gradient-domain data 

classification for channel systems. 

4.2.1 Amplitude-domain Data Classification — Geological Structures 

Amplitude-domain data classification is directly based on the amplitude values in a 3D 

seismic data volume. A non-zero amplitude value represent a sample point on a rock con

tact as discussed in chapter 2. This means that a rock contact (rather than rock layer) can 

be displayed by assigning a color for voxels with non-zero amplitude values. Most cur

rent commercial seismic visualization systems have adopted this data classification method 

although it is rarely discussed in documents describing the systems. 

In the amplitude-domain method, amplitude is usually divided into several zones 

based on its value and each zone is assigned a color. For example, the VoxGel is a typical 

3D seismic visualization system that is based on the amplitude-domain data classification. 

In this system a seismic trace can be converted into a voxel trace based on the zone system 

(Figure 4.4), by which amplitude data is divided into six zones from minimum (negative) to 
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Seimic Trace Voxel Trace Zone System 

a) b) 

Figure 4.4: Showing the amplitude-domain data classification in the VoxGel system [54] 

maximum (positive) values and each zone has a specific color [54]. We may, here, express 

amplitude-domain data classification as equation 4.1. 

C(xi,yj,tk) = < 

Red i f Amp(xi,yj,t¡c) > 0 (higher value) 

Yellow i f Amp(xi,yj,t¡c) > 0 (lower value) 

White i f Amp(xi,yj,tk) = 0 (or close to zero) (4.1) 

Grey i f Amp(xi,yj,t/l) < 0 (lower value) 

Black if Amp(xi,yj,tic) < 0 (higher value) 

The opacity values of voxels are usually selected through a interactive filter by this 

data classification. In the VoxGel system the interactive opacity filter is called Zone System 

(Figure 4.4 b ) that works on a continuous curve. The default opacity values of all voxels 

are opaque ( a = 1), but they can be changed depending on user requirement. Similarly, a 

opacity editor is used in the Arco immersion cave (Figure 4.5). As the power of this data 

classification method, an opaque seismic data volume (Figure 4.6 a) can be easily converted 
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Figure 4.5: A opacity editor in Arco immersion cave that the opacity value of non-reflective 
data is set into zero (transparent) while high-amplitude data are left as visible ( opacity =1). 
[89] 

into a transparent (Figure 4.6 b) by editing the opacity, in which high-amplitudes with a red 

and blue color are set to opaque while background rocks are set to transparent. 

Amplitude-domain data classification is more efficient than other data classifications. 

Seismic data volumes are usually very large in size (from hundreds of megabits to giga

bytes), and they may cover a large geological exploration area. Unexpected stratigraphie 

sequences and geologic structures may generate very complicated amplitude values, so it is 

impossible to identify any individual rock layer in a seismic data volume. However, volume 

visualization systems with amplitude-domain method are able to rapidly scan a seismic data 

volume, and to isolate user-interesting objects. For example, an potential oil/gas trap can 

be extracted from a transparent seismic volume (Figure 4.7 c) ), so that further analysis and 

interpretation are applied to the target (Figure 4.7 d — f)- Amplitude-domain data clas

sification is, therefore, efficient in visualizing a large seismic data volume globally and in 

helping to identify the outline of regional structures in a large exploration area. 

As an application example of amplitude-domain data classification, Figure 4.8 shows 

how to interpret a delta sedimentary environment by using the VoxGel system. It is hard 
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Figure 4.7: A potential oil/gas trap is isolated from a transparent seismic volume by using 
VoxGel system which uses amplitude-domain data classification method [54] 
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Figure 4.8: Interpretation of channel system that was formed on a delta sedimentary envi
ronment [54] 

to identify any geologic features on Figure 4.8 b that corresponds with a data classification 

in Figure 4.8 a, in which only part of zone 1 (red color) is set to opaque while other zones 

are transparent or translucent. However, the channel system in the area appears very clear 

(Figure 4.8 d) after increasing the opacity value of zone 1 and 2 (Figure 4.8 c). 

In general, amplitude-domain data classification is able to summarize and sort seis

mic data in a simple way, in which rock contacts with high-amplitude values are assigned 

red color and high opacity so as to be visible, and background rocks with low-amplitude 

values are usually assigned white color, which can be eliminated easily from a data vol

ume by setting their opacity as zero. A s the result, the pattern of regional geologic struc

tures within an exploration area can be identified from the volume visualization, and user-

interesting geologic objects can be rapidly isolated from a 3D seismic data volume. But this 

method is not able to display any rock layers with thickness, consequently, not the strati-

graphic sequence. For this reason, amplitude-domain data classification is an ideal method 

for visualizing the regional sedimentary geological structures in a large exploration area, 

but it may not be suitable for interpreting stratigraphie sequences-related oil/gas traps. 
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4.2.2 Time-domain Data Classification — Stratigraphie Sequence 

A stratigraphie sequences is very important for interpreting stratigraphy type oil/gas traps. 

However, it is impossible for current commercial seismic visualization systems to display a 

stratigraphie sequence, because they can only display rock contacts rather than rock layers. 

The time-domain data classification is developed in this thesis and it is a primary solution 

for displaying rock layers from a 3D seismic data volume. 

A rock layer is bounded by subsurfaces at the top and bottom. These rock contacts 

may or may not be continuous through a whole area depending on sedimentary phase and 

structure condition. Some rock layers may be pinched out when deposited (Figure 2.6 a) 

or be offset by faults (Figure 2.9 a). But there are always some rock layers called indicator 

horizons in geology, which are continuously within a local area. The rock contacts of 

these indicator horizons may be helpful in visualizing an individual or a unit of rock layers 

through time-domain data classification. 

The idea of time-domain data classification is to select color and opacity for voxels 

according to a time interval between two reflective times, which corresponds to the top 

and bottom rock contacts of an indicator horizon. B y this way each color w i l l represent 

an individual or a unit of rock layer. To do a time-domain data classification, the first 

step is to find indicator horizons and the amplitude values of rock contacts (A\,A2, . . . ,A„) 

through statistics methods within a sub- or whole seismic volume. The second step is to 

find the time intervals between the two reflective times (T\,T2,...Tn) that correspond to the 

amplitude values (Ai ,Â2, . . - ,A n ) of indicator horizons. Finally, colors and opacity values 

are assigned to voxels according to the time intervals. 

In demonstrating the time-domain data classification methods, we designed a pro

gram that can simulates the stratigraphie sequence and subsurfaces in Figure 4.9. This 

program can produce a an artificial seismic data volume by generating a "seismic reflec

tion" at each subsurface randomly both in time and intensity. We try to classify these 

artificial seismic data and display the stratigraphie sequence through our demo program — 

The Earth CT. A case study is as following: 
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Synthetic 
Lith log seismogram RC log 

(a) (b) (c) 

Figure 4.9: Showing a typical stratigraphie column with various rock contacts: (A) 
shale/limestone, (B) sandstone/shale, (C) shale/sandstone, (D) sandstone/shale, (E) 
gas/water(saturated in sandstone), (F) shale/sandstone . 

A 3D Artificial Seismic Data volume: The rock column (Figure 4.9 a) represents 

a typical sedimentary stratigraphie sequence with shale, sandstone and limestone, which 

contains six subsurfaces including five rock contacts and one gas/water (oil) contact. A 

synthetic seismogram and a RC log as we discussed in chapter 2 are shown in (Figure 4.9 

b and c). In simulating this situation, we collect a group of rock density (p) and velocity 

(Vp) data as shown in Table 4.1. The reflective intensities (RC) of these subsurfaces in the 

rock column are calculated by using equation 4.2 and then are normalized by the highest 

RC value of the shale/limestone contact (A) (see Table 4.2). Additionally, we assume that 

the rock column is about 1437.5 m thick and total travel time is about 0.5 second (see Table 

4.3). Based on the data in Table 4.2 and 4.3, a artificial seismic data volume (51 x 51 x 51 

) is created by the program that we designed. 

/ ? C = P 2 - V 2 - P l - V l ( 4 2 

p 2 - V 2 + pi - Vi 
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Table 4.1 : Velocity of seismic wave in different rocks 

Rocks Velocity (Vp) {m/s) Density (p) (g/cmi) reference 
Shale (dry) 2440 2.3 [64] 
Shale (wet) 2440 2.3 [64] 
Sandstone(dry) 2000 2.1 [65] 
Sandstone(wet) 3350 2.3 [64] 
Limestone 4800 2.55 [65] 

Table 4.2: Reflective intensity of rock contacts 

Rock contacts Pi Vp2 P2 RC N ormalizedRC 
(F) shale/sandstone 2440 2.3 2000 2.1 -0.14 -0.39 
(E) gas/water(in sandstone) 1166 1.0519 1700 1.55 0.36 0.99 
(D) sandstone/shale 3350 2.3 2440 2.3 -0.16 -0.42 
(C) shale/sandstone 2440 2.3 3350 2.3 0.16 0.42 
(B) sandstone/shale 3350 2.3 2440 2.3 -0.16 -0.42 
(A) shale/limestone 2440 2.3 4800 2.55 0.37 1.00 

The Bounding Area Surfaces of Indicator Horizons: Rock contacts of indicator 

horizons in a seismic data volume may be found through statistic method of amplitude val

ues. Figure 4.10 a) is an amplitude histogram based on the data volume that we created. 

Obviously, all rock contacts are shown in Figure 4.10 a) but they only take a very small pro

portion of the total data (less than 10 %), while non-reflective sample data is approximately 

about 90 % of the total. This is because only those sample points that locate on a rock con

tact would be able to generate a reflection. In order to observe details of rock contacts, we 

eliminate non-reflective data from the data volume and a new amplitude histogram is shown 

in Figure 4.10 b), in which most rock contacts have equal frequencies ( 17 %) except the 

sandstone/shale contact. The sandstone/shale contact has a doubled frequency value (34 %) 

of the other rock contacts, because there are two separated sandstone/shale rock contacts (B 
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Table 4.3: Thickness and travel time of rock layers 

No. Rock layer Thickness (m) V (m/s) Travel time (second) 
1 Shale (dry) 73.2 2440 0.03 
2 Sandstone (dry) 140.0 2000 0.07 
3 Sandstone (wet) 234.5 3350 0.07 
4 Shale (wet) 366.0 2440 0.15 
5 Sandstone (wet) 213.0 3350 0.06 
6 Shale (wet) 170.8 2440 0.07 
7 Limestone 240.0 4800 0.05 

Total 1437.5 0.5 
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Figure 4.10: a) - A amplitude histogram of seismic data volume; b) - A amplitude histogram 
after eliminating non-reflective seismic data. 

and D) but they generate the same amplitude value in the stratigraphie column (Figure 4.9). 

Based on the analysis histogram, we may conclude that rock contacts of indicator hori

zons in a seismic data volume should have the same frequency of reflective data in a given 

3D sampling grid, because they are continuous, parallel and spread over the whole area. 

Therefore, we can identify rock contacts and their amplitude values of indicator horizons 

from a histogram of amplitude, which is stable and with almost equal frequency in a given 

seismic data volume. For the case shown in Figure 4.9, all rock layers can be considered as 

indicator horizons since all rock contacts are generated as continuous from a program. 

Reflective Time of Indicator Horizons' Bounding Surface: The reflective times 
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Figure 4.11: Showing the relationship between reflective time vs. amplitude (RC) and time-
domain data classification 

of rock contacts of indicator zones may be found through the statistic method based on 

their amplitude values. Figure 4.11 is a plot from the software Min i t ab 2 that shows the 

relationship between amplitude (RC) values and reflective times, in which reflective time 

(Ti , Ti,Ts) of six rock contacts (A to F) can be determined according to their amplitude 

values (A],A2, ...,A6) (Table 4.4). Additionally, it should be noted that the earth's surface 

is assumed to be the top bounding surface of the first rock layer and its reflective time (To) 

is always zero, while the time limit of samples in depth is taken as the bottom bounding 

surface of the last rock layer (Tn+\). In this example, the reflective time (Tj) is the bottom-

bounding surface and it is equal to 0.5 seconds. 

Time Intervals and Rock Color: According to the reflective times (TQ,T\,...,T¡) 

from the last step, the time intervals of seven rock layers are determinate and the voxels 

in the same time intervals wi l l be assigned the same color (Table 4.5). In this way, each 

2Minitab is a professional statistics software 
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Table 4.4: Rock contacts and their reflective 

Amplitude (or RC) Reflective time (sec.) Rock Contact 

An 0.00 T0 0.00 Surface 
A, -0.39 7| 0.03 F 
A2 0.99 T2 

0.10 E 
A 3 

-0.42 T3 0.17 D 
A4 0.42 TA 0.32 C 
A5 -0.42 T5 

0.38 B 
A6 

1.00 T6 0.45 A 
Al 0.00 Ti 0.5 Bottom 

color represent an individual rock layer or a unit of stratigraphie formation that is bound 

between two indicator horizons. Figure 4.12 is the display of the stratigraphie sequence by 

the Earth CT program. 

A s to opacity values in this case study, all rock types (i.e. a time intervals) wi l l be set 

as opaque as default ( a = 1.0) and users can adjust the opacity values of a rock layer late 

depending on different interpretation purposes. Figure 4.13 is a example when the shale is 

adjusted as translucent. 

Table 4.5: Classification of seismic data based on time intervals 

Time Interval Color Opacity(a) Rock layers 
r 0 < T <= T\ Green 1.0 (1) Shale 
T\ <T <= T2 Red (dark) 1.0 (2) Sandstone (dry) 
T2<T<= 7 3 Red 1.0 (3) Sandstone (wet) 
r 3 < T <= T4 Green 1.0 (4) Shale 
TA<T <= T5 Red 1.0 (5) Sandstone 
T5<T<= T6 Green 1.0 (6) Shale 
T6<T <= T7 Cyan 1.0 (7) Limestone 

A s discussed in this case study, we have to find the top and bottom bounding surfaces 

in order to display the rock layers. But it is very difficult in practice and time-domain data 

classification may only provide a primary solution for this problem. However, we may find 
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Figure 4.13: 
translucent 

Showing the stratigraphie sequence when shale rock layer is adjusted as 



86 CHAPTER 4. VOLUME VISUALIZATION OF 3D SEISMIC DATA 

indicator horizons with the aid of a pre-interpretation of an seismic data volume or using a 

tracking a horizon algorithm that has been studied by many people. 

In general, volume visualization of 3D seismic data by using time-domain method 

appears more realistic, that is, a stratigraphie formations can be visualized layer by layer 

with different colors, and a user-interesting rock layer can be put into focus by adjusting 

its opacity value. However, the time-domain method may only apply to visualizing a sub-

volume or a seismic data volume with ideal geological situations, because it is based on 

continuous indicator horizons. In geological significance, a sub-volume may represent a 

local area or an individual stratigraphie unit, and an ideal seismic data volume may contain 

stable rock layers (indicator horizons) with weak geological activity such as faulting and 

folding. 

4.2.3 Gradient-domain Data Classification — Channel Systems 

A s we discussed in amplitude- and time-domain data classification, a 3D seismic data vol

ume wi l l be converted into a color volume and an opacity volume directly based on the 

parameter of either amplitude or travel time. In gradient-domain data classification, the 

gradient of amplitude values along one or more specific directions wi l l be calculated and 

used to classify seismic data. Each voxel within the seismic data volume wi l l get a color 

and opacity value according to its gradient of amplitude. The purpose of this method is to 

visualize some linear geological structures such as channel systems that usually cross rock 

layers in a vertical direction. 

A channel system is a geological structure which might host oil/gas. They usually 

consists of linear sand bodies (storage for oil/gas) that are enclosed by impermeable rocks 

(shale or limestone) (Figure 2.6 b) ). Channel systems are formed by a paleo-river system in 

delta sedimentary environments and thus is different from normal stratigraphie formations 

in the following aspects: (a) A channel system may consist of several individual channels 

or a completed network, all of which are present along a certain direction that inherits 

from a paleo-river system within a large area, (b) Bodies of a channel system are in a 
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2 miles 

Figure 4.14: Showing a channel system on a time-slice (amplitude map) 

linear shape that extends horizontally. Vertically, a channel system may exist within an 

individual rock unit or across several rock layers, (c) A channel system can be easily 

identified from geological plane maps but only shows as discontinuous blobs in a geological 

section (Figure 2.22). 

A s with the specific geological features, amplitude values of a channel system are 

very weak contrasted to its background as shown in Figure 4.14. In order to enhance 

the features of a channel system, we may calculate gradient values of amplitude along 

the direction that is perpendicular to the strike of a channel system. There are five direc

tions that can be used to process a seismic data volume, which are north-south, east-west, 

northeast-southwest, northwest-southeast and up-down. Gradient-domain data classifica

tion may base on either a specific direction or their combination depending on the geologic 

research. Index of data positions along four horizontal directions and one vertical direction 

are shown in Figure 4.15 . For the data point located at ( jc , - ,^ ,^) with an amplitude value 

a(x¿,yj,tic), its horizontal gradient along four directions (GWE,GSN,G¡VE an<3 GNW) and 



Figure 4.15: Showing four horizontal directions and index of data point in a seismic data 
volume 

vertical gradient (GUD) can be calculated by using the following formulas: 

West - East : GWE{XÌ,yj, h) = — ^ (4.3) 

e .1 xi ->u r> t \ a(xiiyj+iitk)-a(xi,yj,tk) South-North : GsN{Xi,y ¡,tk) = — : 1 — - (4.4) 
Ay 

ri n r < *\ a(x^yj^k+\)-a(xi,yj,tk) 
Up-Down : GUD{Xi,yj,tk) = J- — J- (4.5) 

Northeast - Southwest : Gmfayuh) = ^ + ^ + ^ ) - ^ ^ ) ( 4 6 ) 

sj Ax2 + Ay2 

a(xi-i,y¡+i,tk) — a(xi,y;,tk) 
Northwest — Southeast : G^w\Xi,yi,tk) = . = (4.7) 

V A x 2 + Ay2 

Figure 4.16 shows the relationship and index between a data point at (x¿,yj,tk) a n d 

its six neighboring points in a 3D seismic data volume. If a seismic data volume is based 

on the cartesian coordinate system (i.e. Ax = Ay — At ), the gradient value that combines 



4.2. CLASSIFICATION OF 3D SEISMIC DATA 89 

c 

a(ti-i.yj-'k) 

x,,y).„tt) 

a(xn.y,. y 

^a(x¡, y, t,„) 

Figure 4.16: Showing 3D index of data point in a seismic data volume 

three dimensions can be calculated at a sample point by the following formula: 

G(xi,yj,tk) = -^-{6a(xhyj,tk) -

[a(xi-1 ,yj, tk) + a(xi+ \,yj,tk) + 

a{xi,yj-\, tk) + a(xi,yj+], tk) + 

a(xi,yj,tk-\) + a(xi,yj,tk+i)}} (4.8) 

B y calculating gradient at each data point, a new data volume with gradient value 

is produced, and then a data classification may be carried out based on the gradient data 

volume. For example, in order to visualize a channel system, we may simply assign the 

target as red and opaque (a = 1), while the background as a black and transparent ( a = 0), 

that is: 

{ Red i f G(xi,y;,tk) > 0 (or a small value) 
(4.9) 

Black otherwise 
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a(xi,yj,h) 
1 i f G(xi,yj,tk) > 0 (or a small value) 

(4.10) 
0 otherwise 

In summary, gradient-domain data classification is based on the gradient of amplitude 

rather than amplitude itself. This method is able to enhance features of some geological 

structures such as channel systems, which are distributed linearly and may cross or exist 

within rock layers. Gradient of amplitude may be calculated either in one dimension or 

three dimensions, but the direction of one dimensional gradient calculation would be, the

oretically, perpendicular to the strike of a channel system so as to achieve the best result. 

4.3 Interactive Interpretation of Seismic Data 

We have researched volume visualization in this thesis so as to find a new way for dis

playing 3D seismic data. On the other hand, it may be also important to find some ways 

for interactively interpreting seismic data as discussed in sections 1.1 and 4.1.3, We have 

developed a relative simple seismic visualization package — called The Earth CT. This 

program is to explore the ways in creation and manipulation of a dynamic 3D earth model. 

4.3.1 Constructing a Transparent 3D Earth Model 

Volume visualization techniques are more powerful than other visualization methods in 

interpretation of seismic data. The special ability of volume visualization is able to create 

a transparent 3D earth model. 

In order to display three geological objects in oil/gas exploration, we defined three 

data classification methods in last section. It does not matter what methods among amplitude-

time- or gradient-domain data classification, all of them are to help to construct a color data 

volume and an opacity data volume based on the original seismic data volume. These color 

and opacity data volumes are, then, used to construct a transparent 3D model by using var

ious volume visualization techniques such as volume rendering, surface rendering and 3D 

texture mapping. 
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Compared with traditional research method, a transparent model allows scientist to 

directly view the inside of a 3D object. For example, Figure 4.17 is a conceptual earth 

model that is created by The earth CT and it consists of three layers of the crust, the mantle 

and the core. This earth model is a interactive 3D model, this means it can be rotated 

around three axes. More interestingly, we can peel the earth layer by layer (Figure 4.17 a 

— c) or viewing the different layers together (Figure 4.17 d — f) by adjusting their opacity 

values interactively. 

Similarly, we have created a 3D geological block model (Figure 4.18) from the artifi

cial seismic data volume through The Earth CT program and it is based on the amplitude-

domain data classification. This model may help geoscientists to view the insides geologi

cal structure and to find potential oil/gas traps. B y adjusting the opacity, we can eliminate 

the background and make the rock lyes visible (Figure 4.19). 

For the time being, most seismic visualization systems [16] [54] [89] are imple

mented by 3D texture mapping and are based on amplitude-domain data classification. 

These systems take the power of OpenGL and can visualize large seismic data volumes 

in real-time. But the images generated from these system appear more vague and non-

realistic. Fortunately, hardware-based real-time volume visualization systems such as V o l -

umePro [46] are now available. We may apply these powerful systems for displaying seis

mic data as long as the proper data classification method is used. 

4.3.2 Intersecting a 3D Earth Model 

A 3D earth model is helpful in building a qualitative concept for a geological object, while 

2D views from a 3D earth model may help to understand a geological object quantitatively. 

A s a traditional way we always slice a 3D object when studying its inside structure, an 

interactive 3D earth model wi l l be, therefore, more powerful when combining the volume 

visualization with slicing techniques. 

We may intersect or slice a 3D model through either clipping or 3D texture mapping 

technique. Clipping is a useful function in computer graphics and the OpenGL can support 
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16 user-defined clipping planes at the same view. 3D texture mapping is more flexible in 

creating 2D slices from a data volume. Let's see some examples in our demo program. 

Figure 4.20 shows the intersection functions that we implement in the 3D earth 

model. We can intersect the model continuously from one, two or three directions. These 

functions are implemented based on the clipping technique. 

Similarly clipping technique is also useful in interpretation of seismic data. A user 

may intersect a 3D geological block model along horizontal, vertical, diagonal or any other 

directions as shown in Figure 4.21. 

Figure 4.22 a) is another 3D geological block model from a real seismic data volume 

(21 x 2 1 x 2 1 ) that we created by The Earth CT program. This model is generated by 

using 3D texture mapping technique and amplitude-domain data classification. A s shown 

in Figure 4.22 b) and c), it can be sliced easily from both horizontal and vertical direction. 

4.3.3 Transformation of the Earth Model 

The role of an interactive 3D earth model must be different from a static pictures in in

terpreting seismic data. A interactive 3D earth model should come with the functions of 

rotation, translation, scaling, which belong to the theme of transformation in computer 

graphics. These functions wi l l allow users to view the model in any direction, to move the 

model from place to place and to enlarge or reduce them in different scales. Fortunately, 

it is easy to implement these interactive functions for a 3D earth model by using computer 

graphic techniques. 

4.3.4 Sub-volume and Time Window 

A sub-volume, which may enclose an oil/gas trap, is a part of a seismic data volume and 

is bounded by a user-defined box. A time window that may contain a specific rock layer 

is a horizontal slice of seismic data volume between two time points. Sub-volume and 

time windows may be a good way to study a geological structure or an individual rock 
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Figure 4.21: Intersecting a 3D geological block model by clipping technique a) horizon
tally; b) vertically; c) diagonally 



Figure 4.22: Intersecting a seismic cube by using 3D texture mapping a) a 3D seismic cube; 
b) slicing vertically; c) slicing horizontally 
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layer. These methods should be used based on a preliminary interpretation of a seismic 

data volume. This means, a sub-volume or a time window can be defined when a user-

interesting object has been found in a seismic data volume. 

4.3.5 Implementation 

In order to demo volume visualization of 3D seismic data, a relative simple 3D seismic v i 

sualization package — called The Earth CT was implemented on both UNDC and Windows 

workstations. This package implement four 3D object models that include (1) a 3D earth 

model (Figure 4.17 and 4.20), (2) a 3D geological block model ( l l x l l x l l ) that is based 

on amplitude-domain data classification (Figure 4.18, 4.19 and 4.21) (3) a 3D stratigraphie 

sequence model (51 x 51 x 51) that is based on time-domain data classification (Figure 

4.12 and 4.13) and (4) a 3D seismic cube by 3D texture mapping (Figure 4.2 and 4.22). A s 

an interactive modelling program this package has the following features: 

• Opaque view. 

• Transparent view. 

• Rotation. 

• Intersection 
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Conclusion 

1. Volume visualization is a branch of scientific visualization. It is a computer graphics 

technique which is able to create images based on volumetric sample data sets from 

3D object or scientific phenomena. The power of volume visualization is that it can 

make an invisible object visible and make an opaque object transparent. It is different 

from other visualizations since the purpose of volume visualization is to visualize 

inside an object rather than its surface. 

2. There are three categories of volume visualization algorithms: surface rendering, 

volume rendering and 3D texture mapping. Surface rendering displays an object by 

extracting a 3D surface or thresholding a data volume. Volume rendering creates a 

transparent image by projecting a data volume directly onto the image plan. How

ever, an image generated by 3D texture mapping is based on a slice (2D array) of a 

data volume by borrowing the power of OpenGL library. 

3. The three categories of algorithms of volume visualization have both advantages and 

disadvantages. Of these, surface rendering renders a 3D surface fast but may not 

be able to handle small and poorly defined features in a data volume. The volume 

rendering technique is slow but may be the best technique for creating a transparent 

image of a solid object and it has been successfully applied to medical visualiza-
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tion (CT). Some volume rendering algorithms such as ray-casting and splatting have 

been implemented in special-purpose hardware, so that real-time volume visualiza

tion systems are now available. The 3D texture mapping is fast and less computing 

intensive but the images generated are vague and have non-realistic layers. Most cur

rent commercial 3D seismic visualization systems adopt 3D texture mapping rather 

than volume rendering and surface rendering. 

4. It is the first step for volume visualization to map a 3D object into numbers, i.e. to 

sample an object into a data volume. In medical visualization area, Computerized 

tomography (CT) is a typical tool for sampling human body. In geoscience, seismic 

waves can penetrate through the earth and the seismic technique can, therefore, sam

ple inside the earth. There are various seismic geometries, of these, the 3D seismic 

technique can samples the earth in a three dimensional manner. A seismic data vol

ume consists of a 3D coordinate system (xcmp, ycmp and tcmp) that is associated with 

a scalar value (amplitude) at each grid point. 

5. Data clasification is the core work of an application of volume visualization. It is, 

most times, difficult to select reasonable color and opacity values for each voxel 

based on the scalar value in a data volume, that is, to convert a data volume into color 

(RGB) volumes and/ opacity (a) volume. Data clasification must be built on scien

tific research. Volume visualization of seismic data is more difficult than medical data 

such as a human head. It is because oil/gas traps are more complicated, unpredictable 

and consist of discontinuous, duplicated and orderless rock layers. Therefore, It is a 

major task for volume visualization of seismic data to find suitable data classification 

methods. 

6. Amplitude-domain data classification is to classify seismic data based on amplitude 

value of seismic wave. This method is based on the idea that a non-zero amplitude 

value represents a bounding surface. It has been used in most current seismic visu

alization systems. A visualization system with amplitude-domain data classification 
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can only display bounding area surfaces of a rock layer rather than the rock layer 

itself. It may be used to classify a seismic data volume globally, such that the pattern 

of a regional geologic structure within a large area, can be easily identified from the 

data volume. But it is difficult to display rock layers in a stratigraphie sequences 

together with their thickness. 

7. Time-domain data classification is to classify seismic data based on the reflective 

time of indicator horizon's bounding surface. A indicator horizon is a rock layer 

that may continue throughout an exploration area. This data classification is helpful 

for displaying rock layers (rock units) in a stratigraphie sequence and their thickness. 

But it may only apply to a local area or those exploration areas with simple geological 

structure conditions, since indicator rock layers may or may not be present in a large 

area. 

8. Gradient-domain data classification is to classify seismic data based on the gradient 

value of amplitude. The gradient value of the amplitude can be calculated either 

along one specific direction or in three dimensions. The best direction is perpendic

ular to the strike of a channel system. It is helpful in identifying linear geological 

structures such as channel systems from a transparent 3D earth model. 
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