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CHAPTER TWELVE: SUMMARY, CONCLUSIONS AND  
FUTURE WORK 

When the flush of a new-born sun fell first on Eden’s green and gold, 
Our father Adam sat under the Tree and scratched with a stick in the mould; 
And the first rude sketch that the world had seen was joy to his mighty heart, 

Till the Devil whispered behind the leaves "It's pretty, but is it Art?"  
“The Conundrum of the Workshops” 

Kipling 
 
12.1 Summary and Conclusions 

12.1.1 Art vs. Science 

I started this final chapter by quoting the lines from Kipling that I used to open my 

first chapter. They set the motif for the entire work by asking the question “It’s pretty, but 

is it art?” It is time now to answer that question because I have carried the motif right 

through the text. The answer to whether or not SeisScape displays are art is that in my 

opinion, they are not. To me, they are pretty, but they are definitely not art! Art has its 

own principles, which SeisScape displays do not follow. They are pretty and they can be 

engaging but I knew before I started this thesis that they were not art in a classical sense. 

With that in mind, you might well ask why I carried the art - science motif all the way 

through this dissertation. 

This thesis concerns itself with the visualization of seismic data. The first thing that I 

had to do was to define what visualization meant in a geophysical context. This is not as 

obvious a task as it first appears because visualization has two sides and I used the art - 

science motif as a metaphor for them. SeisScape displays are not just a new form of 

seismic display; they represent a quantum change in technology. That change is the 

evolution of technology from being sensationless to being sensational. In this context, the 

term sensation is synonymous with perception. In geophysics, conventional seismic 

displays are two-dimensional and produce only limited perceptions; they are virtually 

sensationless. SeisScape displays, on the other hand, are three-dimensional and produce a 

full range of perceptions; they are, therefore, sensational.  



345 

 

This is where the two sides of visualization come from. Perceptions produce 

sensations but sensations produce emotions or feelings. The first side of visualization is 

the perceptions that it produces. The second side is the emotions and feelings that are 

attached to the perceptions. I used the art – science motif to illustrate this dichotomy, 

science is the perceptions, art is the emotions that arise from the perceptions.  

To understand why I had to make this distinction, you only have to consider my 

early SeisScape displays. They were new and unique and I found it very easy to impress 

with them. The viewers, though, were mostly impressed for the wrong reason. I produced 

visually stunning displays that engaged the viewer. The displays were impressive but in a 

scientific setting such as seismic interpretation, we require a dispassionate presentation of 

facts. Feelings are generally irrelevant, unwanted, distracting and inappropriate. 

Everyone really liked my early displays; however, they liked them because they were 

pretty. They considered them engaging curiosities but because they were not 

dispassionate, they did not recognize their scientific potential. 

I realized that before I could make any progress I had to define the goal of scientific 

visualization as clearly as possible. Ultimately, I defined visualization as the science of 

making visual displays as dispassionate as possible while making them as informative as 

possible. I defined everything else as art and irrelevant.  

12.1.2 Seismic Data and Perception 

 Vision is one of our five classical senses, all of which translate their sensory 

stimulations into an experience called perception. The sensory experience itself is called 

a percept but unlike the percepts from our other senses, we rarely note visual percepts. 

That is because unlike the other senses, the visual system is never quiescent. We notice 

other senses as part of the world around us but the visual system is the world around us.  

The percepts of vision are the objects that surround us and interact with us. It is the 

purpose of the visual system to identify these objects and discover their properties. Given 

that visualization is the science of communicating information via the visual processing 

system, to succeed its end products must also be percepts. 
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A seismic section is a complex mosaic of events, faults and noise trains, which 

visualization must convert into visual percepts. Conventional variable density displays, 

however, produce virtually no perceptions, which imply that they do not fully engage our 

visual processing system.  

The modern model for how humans (and other primates) see color is called "The 

Stage Theory". The first part of the model is called the Trichromatic Theory of Color. It 

can be considered as the receptor stage, and it consists of the three photopigments (the 

blue, green and red cones). The second part is called the Hering Theory of Opponent 

Color Vision. Hering hypothesized that the trichromatic signals from the cones were 

subject to subsequent neural processing. He proposed two major opponent classes of 

processing, a spectrally opponent process, which provides our ability to separate hues and 

a spectrally non-opponent process, which provides our achromatic vision.  

Opponent processing produces three streams of visual information, each of which is 

processed by a separate neural circuit in the visual cortex and each of which makes its 

contribution to perception. The primary circuit is called the Achromatic Neural circuit. It  

processes our achromatic information and it dominates perception. The secondary circuit, 

which is called the Chromatic Neural Circuit, has two channels. One processes Red-

Green opponent information and the other processes Blue-Yellow opponent information. 

This processing of the Trichromatic cone signals into three channels of information is 

known as Trivariant color vision and among mammals; it is unique to Old World 

primates. 

Trivariant color vision explains why purely chromatic variable density displays do 

not produce any sensation of perception. Primates primarily produce visual percepts via 

their achromatic channel. The chromatic channels are important but they act upon our 

base achromatic perceptions. Since chromatic variable density displays lack any 

achromatic information, there are no percepts to act upon and the resultant displays do 

not produce visual sensations. Because variable density displays do not convert seismic 

objects into percepts, they cannot be considered as true seismic displays.  
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12.1.3 The Relevance of Visualization to Seismic Resolution 

Conventionally, we consider that there are two principal forms of resolution; 

temporal which is the ability of the seismic wavelet to resolve reflections (in time) from 

thin beds and spatial which is the ability of the wavelet to resolve closely spaced 

geological details. The mathematically derived limits of both are well known and 

understood. These limits, however, are simply the theoretical limits of resolution and do 

not pertain to the empirical limits that are observed on any seismic display. 

Ultimately, the limits of resolution are determined by what we can see in the data. 

Consequently, we must consider that there is a third form of resolution, namely visual 

resolution, which acts upon the previous two. To help understand the difference between 

the theoretical and empirical limits of resolution I defined two terms. The first was 

“absolute resolution”, which is a product of the conventional processes of enhancing 

spatial and temporal resolution and is a quality of the data itself. The second term was 

“apparent resolution”, which is a product of the visual system and the display, and is the 

subset of the absolute resolution perceived on any given display. 

In the context of these two definitions, the display serves as a filter upon resolution. 

The data fed into the filter is the absolute resolution; the output is the apparent resolution. 

Unlike a conventional filter whose output is a modified set of data, the output of the 

display filter is a set of perceptions, all of which occur in the mind. Conceptually, the 

display filter has two stages. The first stage is the physical display, which serves to 

produce the input to the second stage. The second stage is the primate visual system, 

which produces, as the final output, a set of perceptions. In this context, visualization 

becomes the process of designing display filters such that they have minimal effect. Its 

goal is to make the apparent resolution equal to the absolute resolution. 

Visualization is the third science of seismic resolution. Whereas deconvolution and 

migration establish the limits of absolute resolution, visualization establishes the limits of 

apparent resolution.  
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12.1.4 Conventional Seismic Displays 

SeisScape displays are a fundamentally new type of seismic display. This does not 

mean, however, that they are ideal for all circumstances. There are three conventional 

seismic displays, (1) wiggle trace displays, (2) achromatic (gray-scale) variable density 

displays, and (3) chromatic variable density display. Geophysicists generally recognize 

that none of these displays is ideal for all circumstances. I showed in Chapter 2, that 

purely chromatic displays do not fully engage the visual system and should not be used as 

the primary seismic display. Given the nature of SeisScape displays, what place do the 

other two conventional displays have in the future? 

Of all of the seismic displays, wiggle trace displays have the lowest apparent 

resolution. Consequently, we should not use them in the future as the primary seismic 

display. However, since we construct the display purely from lines and edges, they feed 

our primary pattern recognition engine better than any other display and therefore they 

remain an essential component of seismic visualization. 

In terms of apparent resolution, amplitude mapped gray-scale displays are higher 

resolution than wiggle trace displays. However, they are lower resolution than the 

shaded-relief component of SeisScape displays and they produce less well-defined 

percepts. Given that the visual system processes amplitude mapped gray-scale displays 

and shaded-relief displays identically, we should deprecate the former in favor of the 

latter. 

12.1.5 The Origins of Primate Vision 

One of the goals of this thesis is to lay the foundation for a more scientific approach 

to visualization. To that end, it is important to understand the physiological processes that 

give rise to our perceptions. It is important to know how we see but it is even more 

important to know what we have evolved to see. Among mammals, catarrhine primates, 

the clade to which we belong, possess a unique form of vision. Our vision evolved for 

specific dietary reasons and despite the fact that we have moved beyond our original 
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environments, it has not. We retain much of the same visual processes of our early 

ancestors. 

Humans are classified as order Primates, suborder Haplorrhini, infraorder 

Simiiformes, parvorder Catarrhini, superfamily Hominoidea, family Hominidea. Primates 

are essentially an arboreal species and they are well adapted for a life of climbing, 

leaping and running in trees. They differ from other mammals in the organization of the 

neocortex. The olfactory sense is the primary sensory modality in all nonprimate 

mammals. In primates, however, the olfactory system has been severely reduced and 

replaced with a dominating tactile and visually dominant sensory system. Whereas all 

other mammals are dominated by their sense of smell, primates are dominated by their 

senses of touch and sight. 

A significant development in the history of anthropoid vision was the development 

of the fovea, an area of the retina with a high density of visual receptors and a low ratio 

of photoreceptors to ganglion cells. The fovea improves visual acuity in a small area of 

the visual field and among vertebrates is found in fishes, reptiles and birds that are 

diurnal visual predators. This suggests that haplorrhines evolved a fovea to increase 

acuity for diurnal visual predation of insects. This occurred early in anthropoid evolution 

while they were still predominantly insectivorous, and as they were converting from 

nocturnal to diurnal habits. 

12.1.6 General Organization of the Primate Visual System 

A reader familiar with seismic will recognize that it can be split into three broad 

areas, each with links to the others; these are acquisition, signal processing and 

interpretation. The visual system can also be split into these three same areas. The reader 

is cautioned not to take the analogies too far because the feedback systems between the 

three are infinitely more complex than their geophysical equivalents. Nevertheless, it is 

possible to consider the visual system in terms of acquisition, processing and 

interpretation.�
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The goal of the visual processing system is perception, perceptions being loosely 

defined as “the internal representations of the external world”. In terms of its 

geophysical equivalents, the visual acquisition system captures the photons that enter the 

eye and converts them into streams of neural impulses. It essentially projects the three-

dimensional physical world onto a two-dimensional plane. The visual signal processing 

system then modifies the neural impulses leaving the photoreceptors and converts them 

into parallel streams of information that travel the optic nerve. Finally, the visual cortex 

interprets these streams of information and attempts to reconstruct, in the mind, the 

percepts of the original three-dimensional world. 

12.1.7 The Visual Acquisition System 

The retina is the part of the eye that receives the light from the external three-

dimensional world and converts it into chemical energy. This chemical energy activates 

nerves that transmit the light energy out of the retina and onto the higher functions of the 

visual processing system and the brain. There are ten layers of cells in the retina that can 

be seen with a microscope. These are arranged into four primary layers; (1) the pigment 

epithelium; (2) the photodetector layer containing the rods and cones; (3) a layer of nerve 

cells called the bipolar cells; (4) a layer of neurons called ganglion cells, which transmit 

the visual information out of the eye along the optic nerve fibers. 

The retinal layers are reversed from what one would expect. The epithelial layer, 

which contains the photodetectors, is at the very back of the eye and the ganglion layer is 

at the front. Therefore, for light to sensitize a photoreceptor it first has to travel through 

all of the non-photosensitive layers of the retina. In the human retina there are 

approximately 6,400,000 cones and between 110,000,000 and 150,000,000 rods. 

Although there are a vast number of individual photoreceptors, there are only 

approximately 1.2 million axons or neural fibers in the optic nerve. This indicates that the 

raw visual signals undergo preprocessing before being passed onto the brain.  

Cones, which are responsible for our daylight vision, are not equally spaced 

throughout the retina. Cone density peaks in the area of the retina called the fovea 
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centralis and rapidly falls off to an even density outside of it. Catarrhine primates are the 

only mammals to develop a fovea and it provides them with most of their visual 

information. It is only about 1500 
m in diameter and covers roughly six deg of visual 

arc. The fovea is only slightly larger than a pinhead, however, when the gaze is fixed on 

an object the lens and the fovea are in direct alignment and so it provides us with most of 

our critical visual information. Within the fovea, cone densities exceed 100,000 

cones/mm2, consequently anthropoid visual resolution matches theoretical optical 

resolution. 

12.1.8 The Visual Signal Processing System 

Catarrhine primates have three types of cones, which are known colloquially as the 

blue-cone, the green-cone and the red-cone. In name, these cones evoke similarities to the 

RGB colors of a computer monitor and it is logical to assume that we form colors and 

images in the same way. However, despite their names, the photoreceptors do not emit a 

color-coded signal. The raw signals leaving each cone merely indicate if the amount of 

light being received by the cone has increased or decreased; it says nothing about the 

wavelength of the light being received. This raw information bears no relationship to 

what we are conscious of seeing. Our conscious vision is constructed out of multiple 

streams of information that are extracted from this raw chemical energy and all of these 

streams, in some way, depend upon contrast.  

There never exists, anywhere in the brain, a single image that bears any relationship 

to what we are conscious of seeing. This is a critical point for the science of visualization. 

Each image that we produce is ultimately segregated into multiple, parallel streams of 

information, and each stream is interpreted separately and for different purposes. 

Knowing what those streams are is vital to understanding how we communicate visual 

information. 

The visual signal processing system produces streams of information for detecting 

achromatic contrast, chromatic contrast(s), movement, position and orientation. Of 

particular interest to visualization are the “private line” streams of information that 
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directly connect each cone in the fovea centralis to the brain. The processing of the raw 

visual signal into these “private line” streams primarily occurs in three locations; (1) the 

bipolar cell layer of the retina; (2) the ganglion cell layer of the retina; and (3) the lateral 

geniculate body. 

12.1.9 The Visual Interpretation System 

There are two primary pathways of information from the lateral geniculate nucleus 

into the primary visual cortex. The first is the parvocellular pathway, which arises in the 

midget (PC) ganglion cells of the retina and is processed by the ventral stream of the 

visual cortex. The second is the magnocellular pathway, which has its origins in the 

parasol (MC) ganglion cells. It is processed by the dorsal stream of the visual cortex. The 

ventral stream is of particular importance to visualization. It is called the “What 

Pathway” because it is associated with form recognition, object representation and the 

storage of long-term memory. 

By the time it reaches the visual cortex, the raw chemical energy leaving each cone 

has been converted into a single opponent signal that contains two signals, a chromatic 

signal and an achromatic signal, multiplexed together. These two signals are 

demultiplexed in the ocular dominance columns that are located in area V1 of the visual 

cortex.  The achromatic signals are extracted by combing the L and M cone signals along 

predefined axis of orientation. This system is specifically tuned to detect borders of 

energy contrast; it is essentially an edge detection system.  

Chromatic contrast is harder to determine and requires a larger mosaic of cones. This 

system of determining chromatic contrast has the disadvantage that because it integrates 

over a large area of visual space it loses the ability to detect fine scale changes. Because 

of this it posses far fewer orientation selective channels than does the achromatic system. 

On the other hand, it produces four chromatic contrast detectors for each unit of 

chromatic space. These detectors are highly sensitive to any change in the spectral 

characteristics of light falling upon the mosaic of cones but are relatively insensitive to a 

change in the total energy being received. 
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In the real world, when an object is viewed, the striate cortex produces two streams 

of visual information that are processed for form by separate neural circuits. Of these 

two, the achromatic stream is the sharper because a higher number of orientation-

selective cells, each of which has a very small receptive field, detect it. The purely 

chromatic stream is lower resolution with less well-defined edges because only the low-

resolution orientation-selective chromatic contrast detectors detect it.  

In the case of purely achromatic contrast, a sharply defined but achromatic object is 

perceived; in the case of purely chromatic contrast, a blurry but colored object is 

perceived. When both types of contrast are present, it is believed that they suppress each 

other; the chromatic detecting system suppresses the achromatic color and the sharply 

defined achromatic border suppresses the fuzzy chromatic border.  

12.1.10 The Objectives of Seismic Visualization 

A seismic section is a complex mosaic of overlapping and often conflicting signals, 

some of which are geologically or seismically relevant and some of which are noise. Of 

the relevant signals, some have strong amplitudes and we can see them on all seismic 

displays. Some, however, have weak amplitudes and are superimposed on the stronger 

events. I consider that these two levels of events form different structures within the 

seismic as a whole. The strong amplitude, major events, forms the seismic macrostructure 

whereas the weak amplitude events form the seismic microstructure. 

I defined these terms because this thesis is dedicated to developing techniques to 

improve seismic visualization. Those techniques generally fall into one of two classes 

depending upon which type of structure they are designed to enhance. Some techniques 

enhance seismic macrostructure whereas some enhance seismic microstructure. This 

leads to the twin purposes of seismic visualization. Specifically, the primary purpose of 

seismic visualization is to reveal seismic microstructure. In terms of absolute and 

apparent resolution, this equates to minimizing the difference between the two. The 

secondary purpose of visualization is to reveal the amplitude structure of macrostructure 

events. 
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12.1.11 Tessellating a Seismic Surface 

A SeisScape display is a three-dimensional representation of seismic data and is 

composed of three elements; (1) a tessellated mesh of points that form the mosaic of the 

surface;  (2) a lighting component that illuminates the surface; and (3) a variable density 

color display that is draped over the surface. Tessellation is the process of converting a 

series of points into a triangulated surface. Given that seismic data occurs on a regular 

grid, it appears that constructing a tessellated seismic mesh should be simple. However, 

tessellating four points is always ambiguous because the same four points can be 

connected two ways. One way favors up-dipping seismic events whereas the other favors 

down-dipping events. 

Before you can correctly tessellate a series of points, apriori knowledge of the 

surface is essential. Rendering a model in three-dimensions requires two sets of data; (1) 

a set of vertices that define the points in the model; and (2) a set of indices that define the 

vertices for each triangle. Whereas the vertices define the general outline of the model, it 

is the indices that give it shape. Vertices are just points in space; indices form surfaces 

out of those points. Tessellation determines what those indices should be. 

Tessellation affects both macrostructure and microstructure. The most obvious effect 

of incorrect tessellation is to produce a saw-tooth pattern that degrades the appearance of 

dipping macrostructure events. Beyond this, however, incorrect tessellation can 

effectively erase microstructure events. The challenge is to develop an efficient adaptive 

tessellation schema that eliminates the obvious saw-tooth artifacts and preserves 

conflicting-dip microstructure events.  

To that end, I developed several schemas that determined, for each seismic sample, 

the optimal way to connect the sample to its neighbors. Of these, the best approach used a 

local cross-correlation between the two traces being connected to determine whether the 

data was up-dipping or down-dipping at a given sample. This approach was fast and 

robust and I eventually used it in production. 
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12.1.12 Illuminating Seismic Data 

One of the fundamental components of a SeisScape display is the diffuse lighting 

component. Diffuse lighting is based upon Lambert’s Law, which states that for surfaces 

that are ideally matte (i.e. without shininess), the reflected light is calculated as the cosine 

between the light vector and the surface normal. The surface normal at any point on the 

seismic surface is the vector perpendicular to the tangent to the surface at that point. 

When you calculate this normal there are two factors that you must consider. The first is 

that surface must be tessellated correctly. The second is that a seismic sample may 

contribute to a maximum of six triangles. The surface normal for the seismic sample is 

the average of the face normals from these triangles. 

Reflectance is the primary means by which SeisScape displays reveal microstructure. 

There are three types of microstructure to consider. The first of these, and often the most 

prominent microstructure events on a display, are high angle noise trains that are the 

byproducts of the migration algorithms. The second and probably the most important is 

enhanced resolution. This enhanced resolution is made up of weak, and often steeply 

dipping, events that are below the visual resolution of wiggle trace displays. The third 

form of microstructure is fault plane reflections. Fault plane reflections are prevalent on 

many sections but they are often difficult to observe. Reflectance can effectively reveal 

these events, especially if the direction of lighting is perpendicular to the direction of the 

fault. 

12.1.13 Color in Relation to Seismic Data 

Catarrhine primates’ are unique among mammals because they have evolved a form 

of trichromacy. It is generally accepted that anthropoid primates evolved trichromacy for 

dietary purposes. Polyak proposed that trichromacy evolved to detect red-to-yellow fruits 

against a background of green leaves. By contrast, Dominy and Lucas hypothesized that 

catarrhine trichromacy evolved to detect young, nutritious leaves rather than ripe fruit. 

They found that the reddening of young leaves is highly correlated with their nutritional 

value. Regardless of which scenario is correct, catarrhine trichromacy evolved to locate 
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and identify red-yellow objects against a green foliage background. For seismic purposes, 

either scenario is equally as relevant because both state that our visual system is tuned to 

detect red and yellow objects against a green background.  

Most conventional seismic palettes are based upon a blue (short wave) – white - red 

(long wave) motif. They were developed to communicate the maximum level of seismic 

form and they were developed for percept free, two-dimensional environments. They are 

inappropriate for use in three-dimensional environments, which primarily communicate 

form via achromatic contrast. SeisScape displays produce percepts and those percepts 

produce sensations, which in turn, produce color-controlled emotions. As a result, the 

high concentration of reds and yellows in conventional color palettes evoke strong 

emotional responses when used on SeisScape displays. These responses are inappropriate 

in situations such as seismic interpretation, which requires a dispassionate presentation of 

fact. 

To reduce the engaging effect of SeisScape displays, color palettes should use a dull 

green or another foliage color for the majority of positive seismic amplitudes. Primates 

see greens just as well as they see reds, yellows and oranges but their attention is not 

drawn to them. Reds and yellows, which attract our attention, should be used as highlight 

colors only and should be used sparingly. Negative amplitude troughs should be 

displayed using a short wave color such as blue. Short wave colors should never be used 

to color peaks because they produce an uncomfortable optical illusion.  

12.2 Future Work  

I began this thesis five years ago with the aim of discovering the sciences behind 

visualization. I wanted to lay the foundation for a more scientific approach to seismic 

visualization and I believe that for the most part, I have accomplished that goal. I knew 

when I began, however, that I would only briefly touch upon most of the topics and as I 

finish, I realize that is all I have done.   

There is much more work to do on a number of fronts. One of the main areas that 

needs more work is tessellation. I did develop an efficient low-dip tessellation schema but 
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it is not appropriate for high-dip scenarios. To handle high-dip situations, the data itself 

will have to be subdivided and triangles will have to be added and dropped on the fly. 

This will require the use of the geometry shader, which is not yet generally available on 

all machines. Once it is, developing high-dip tessellation schemas will be a main priority. 

Another area that needs more work is the subject of reflectance. Because of time 

constraints, I only examined the use of diffuse lighting on seismic data. I did some work 

on specular lighting but did not carry the research very far and I did not report on it here. 

I am convinced, however, that it is possible to use specular highlights to co-render 

different attributes efficiently. Using an attribute such as coherency to provide specular 

highlights on top of diffuse lighting derived from amplitudes might provide insights that 

would otherwise be missed. This area needs much more work. 

One of the things that I regret about this research is that I was able to do so little with 

color. Color is a major part of any display, SeisScape displays especially, but because I 

am colorblind, I was not able to explore it to the depth that I wanted to. I can only hope 

that someone in the future picks up the theme of this work and carries it forward. 

At times, my sojourn through the visual system seemed to be yielding very few 

concrete results. As I reached the end, however, I discovered several intriguing facts that 

indicated directions for future research. First among these was the discovery that our 

visual system is specifically tuned to detect lines and edges. This was a fascinating 

discovery because it provided proof of why wiggle trace displays, which are all lines and 

edges, were so effective in certain situations. I had hoped to research techniques that 

would introduce sharp edges into SeisScape displays. My plan was to make SeisScape 

displays as effective as wiggle trace displays for pattern recognition. Because of time 

contraints, I could not pursue this line of research. However, I still believe that 

introducing sharp edges may help with pattern recognition and it is an area that should be 

researched in the future. 

One of the most intriguing aspects of the entire work was my discovery of seismic 

microstructure and I have the Trujillo data to thank for that. Microstructure constitutes an 
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entire new level-of-seismic-detail but it suffers from the fact that most sections are 

severely contaminated with migration noise. This noise can obscure and confuse relevant 

microstructure and I believe it is of major importance that we learn how to control it. 

Towards the end of this work I examined several seismic lines that had been migrated 

both pre and poststack and I noticed that the prestack migrated sections always contained 

fewer artifacts. This is a potential solution to the problem but it must wait upon further 

research to determine if it is. 

If I could only prove one thing with this thesis, it would be that seismic data contains 

far more detail than we realize. We are engaged in a grand quest for seismic resolution 

but the visible resolution of conventional displays is far below the theoretical resolution 

of the data itself. This opens the door to the possibility that because we could not detect 

microstructure on our displays, we have obscured it in the processing. Examining this 

possibility is a fascinating topic and one I would love to explore. 

But if you will forgive me, I will do that on another day! 
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12.3 Final Thoughts 

This brings me to an end. The thought of this thesis first came to me when I saw the 

very first SeisScape image in December of 1999. I wanted to discover the sciences that 

lay behind it and I knew that this was the only way I could do it. More than that, 

however, I have always loved seismic data and the window that it provides to the past. To 

me, seismic data has always been a time machine and every section has transported me 

back through the years to an ever more fascinating past. A seismic section is the ultimate 

history lesson and if exposing science motivated me to pursue this, exposing more of our 

history kept me enthused. 

There are many other subjects that I researched but did not cover in the text. I have 

not covered co-rendering attributes or “sea level” displays or even composite density 

displays. In truth, I have not covered any single subject to the depth I would have 

preferred. I am satisfied, though, that I have accomplished all of the things that I set out 

to accomplish five years ago. With that in mind, I think we will all be a lot happier now if 

I call it a day. 
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APPENDIX A: THE TECHNOLOGY BEHIND SEISSCAPE 
“Any sufficiently advanced technology is indistinguishable from magic” 

Arthur C. Clark 

“Change is the law of life. And those who look only to the past or present are certain to 
miss the future” 

John F. Kennedy 
A.1 Introduction

A few years ago, I watched a documentary on the inventions of Leonardo DaVinci. 

One of the points made was that surprisingly, despite his great genius and despite the 

practicality of many of his inventions, very few of them found there way into general use. 

We remember DaVinci for has art and his inventiveness and yet he made far less impact 

on the world than we would expect from such brilliance today. The documentary went on 

to discuss the reason why this happened, why so many of his inventions languished 

despite the fact that it was technologically feasible to produce them. The reason why, it 

explained, was that in DaVinci’s time, change was not expected. What had been, had 

been; what had been, was; and what had been, would be. Change was neither expected 

nor sought after and there was very little pressure on DaVinci to “productize” his 

inventions.

  This thought pattern is very different from todays but it was the dominant thought 

pattern for most of human history. For most of human history, the pace of technological 

change was so slow that most people never experienced it once during their lifetime. That 

is not the case today. Since the Industrial Revolution, the pace of change has accelerated 

to the point that we experience technological revolutions almost on a daily basis. 

Consequently, anyone buying something new expects it to be substantially better than the 

one they bought before. Before the Industrial Revolution, revolutionary changes occurred 

once per century, now they occur once per day and we expect to see those changes in our 

lives as soon as possible. 
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Nowhere is this more in evidence that in the field of computer science and within 

that field nowhere is it more in evidence that in the field of computer graphics. Although 

computer graphics has been around since the 70’s, it was the development of the first 

graphic processing unit (gpu) in 1999 that kick started it into life. The first gpu was 

capable of performing calculations at roughly one gigaflop. Seven years later, the current 

state of the art gpu’s perform calculations at a sustained rate of almost 600 gigaflops and 

within the next year, teraflop gpu’s should become the norm. Along with the explosive 

growth in computational power, there has been an equally explosive growth in the ability 

to program it. Programmable gpu’s first saw use in 2003 and since then, the languages 

used to program them have gone through four major revisions, each a quantum leap 

ahead of its predecessor. 

Trying to keep up with the rapid pace of these technological leaps is both 

exhilarating and frustrating. It is exhilarating because each day brings something new, 

something else learnt and applied. It is frustrating because it takes time to understand and 

learn the nuances of any new technology and with four major revisions in four years; by 

the time you understand anything it is already obsolete. As an example of this, in late 

2004 I started a course project to develop a subdivision scheme for seismic data. I was 

working on a state of the art gpu but it was not capable of handling the number of 

samples in a seismic section and I decided to experiment with various schemes for 

reducing the volume. I failed in this project because you cannot subdivide seismic data 

without running into aliasing. However, during the course of the project, the state of the 

art changed. By the time I concluded that subdivision was not possible, I was already 

working on a new gpu that was so fast that subdivision was unnecessary. Change in 

graphics occurs just that fast. What was impossible yesterday is possible today and will 

be trivial tomorrow. 

Programmable gpu’s are the underlying technology behind both the SeisScape 

display itself and my concepts of visualization. As such, given that they are 

fundamentally different than cpu’s, in this chapter I provide a very brief overview of 

what they are, how they have developed and what they can be used for. For a more 



376

comprehensive review, I direct the reader to either the NVIDIA website or the ATI

website.

A.1.1 Caveat

One of the problems with graphics programming is that as soon as you become 

proficient in the current capabilities of both the graphic cards and the graphic languages, 

they become obsolete. Shader technology is less than five years old but in that time; it has 

gone through four major revisions. At the start of this thesis, DirectX was at version 8 

and the shader languages at version 1.1. I base all of the techniques that I demonstrate 

upon what has been state of the art technology for several years, DirectX 9.0c and shader 

version 3.0. Unfortunately, with the release of Windows Vista, both of these versions are 

once again obsolete. The current state of the art is DirectX 10 and shader 4.0, both of 

which are substantially enhanced and modified.  

A.1.2 Coding Conventions 

Throughout the remainder of this thesis, I will use the following conventions for 

displaying gpu based shader code and cpu based application code. I show shader code 

using the following style: 

void TimeVariantScaling( float time, inout float zValue ) 
{  
 zValue *= pow( time / 1000, TimeVariantScaler ); 
} 

The calling app code is the code used to configure the shader’s various input 

variables and data streams. It is compiled into the executable and I will show it in the 

following style: 

BasicEffect.SetValue(“TimeVariantScaler”, TimeVariantScaler); 
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A.2 The Graphic Processing Unit 

As much as this thesis is about visualization it is also about technology and in 

particular, it is about the emerging technology of computer graphics. The field of 

computer graphics is not new but over the past seven years, it has received a tremendous 

boost from the development of graphical processing units or gpu’s. Before the 

development of gpu’s the best we could do was produce static images of simple three-

dimensional scenes; but now, after their development, we can produce dynamic displays 

of complex scenes and interact with them in a real time setting. 

The graphic processing unit is a highly parallel structure designed and optimized to 

perform the types of calculations and operations associated with rendering three-

dimensional graphical objects. Modern workstations and pc’s generally have one or more 

gpu’s each of which is external to the computers central processing unit and possesses its 

own dedicated high-speed memory. The original purpose of the gpu was to offload 

transform1 and lighting2 calculations from the cpu. Modern gpu’s, however, are capable 

of much more and we use them now as high-efficiency computational units.  

A.2.1 History

The first use of the term Computer Graphics dates back as far as 1960. It is credited 

to William Fetter, an employee of Boeing who used it to describe his work creating the 

first computer model of the human body. Despite the fact that this first use of computer 

graphics was in science, from its inception, subsequent developments in the field have 

been driven primarily by the art and entertainment industry. The first use of computer 

animation was in the 1976 film Futureworld where it was used to produce an animation 

1 Transform refers to the task of converting the spatial coordinates of three-dimensional objects in a 

virtual world into a two-dimensional view. 

2 Lighting refers to the task of calculating the color of objects as lights of given types and orientations 

are directed towards them. 
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of a human face and hand. In subsequent years, the development of Pixar’s RenderMan 

software made it possible to produce complex rendered scenes and as a result, computer 

graphics became common in movies. Nevertheless, it was not, until 1996 when the first 

full-length computer-animated film “Toy Story” was released that its full potential began 

to be recognized. Since then, full-length computer-animated movies have become 

commonplace.

The release of Toy Story was a groundbreaking event for the computer graphics 

industry. A typical scene in the movie contained over two million triangles and took five 

minutes to render3. This illustrates one of the fundamental principals of computer 

graphics; as much as the result is artistic, the underlying methodology is mathematical. 

Objects in a three-dimensional scene are mathematical representations of the real world. 

The calculations for rendering them are relatively simple and include such things as 

matrix transformations, dot products and linear interpolations. However, whereas the 

scope of the calculations is simple the scale of them is not. Producing each Toy Story 

frame required billions of very simple, cpu based mathematical calculations. 

The success of Toy Story not only influenced the development of other computer-

animated movies, it also spawned a new era in computer gaming. Game developers were 

quick to realize the potential of producing games with the same photo-realism as Toy 

Story but they immediately ran into a problem. Taking five minutes to render a single 

frame was not a problem for the movie industry but it was for the gaming industry that 

required real time interaction between the user and the characters and objects in the 

game. To achieve photo-realistic games each scene needed to be animated and rendered 

20-30 times a second. In the late 1990’s this was beyond the capabilities of even the most 

sophisticated pc or workstation. 

3 Rendering is the process of generating, by computer programs, a two-dimensional image from a 

mathematical model of a three-dimensional scene.  
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What was required was hardware-accelerated 3D graphics. Hardware-accelerated 2D 

graphics had been available since the development of S3 Graphics single-chip 

accelerator, the S3 86C911, in 1991 but what was needed were graphic cards capable of 

accelerating the calculations required for rendering 3D scenes. The first generation of 

these cards, NVIDIA’s RIVA TNT and TNT2 cards, ATI’s Rage card and 3dfx’s 

Voodoo3 cards were all released early in 1999.  Although hyped as 3D graphic 

accelerators, none of these cards was. Their main function was to rasterize pre-

transformed vertices and as a result, most of the calculations required for rendering were 

still done in the cpu. 

We now recognize that the first true graphical processing unit was NVIDIA’s 

GeForce 256, which they released in late 1999. The GeForce 256 was the first mass-

produced, low cost card capable of performing the transformation and lighting 

calculations needed to render a 3D scene. NVidia designed it to off-load transform and 

lighting calculations plus the texture-mapping calculations from the cpu. The card 

produced the images in my first talk on SeisScape displays (see Chapter 1). The GeForce 

256, originally released in August of 1999, was followed by the release of ATI’s Radeon 

7500 card and S3’s Savage 3D card. All of these cards had similar capabilities and were 

capable of rendering approximately 15 million triangles per second and 480 million 

pixels per second. The main problem with them was that whereas they were capable of 

performing the basic transformation and lighting of vertices in general they lacked any 

form of real programmability.  

NVidia and ATI addressed this lack of programmability in Feb of 2001 with the 

release of their GeForce 3 card and Radeon 8500 card respectively. These cards 

introduced the dual concepts of programmable vertex and pixel shaders that, for the first 

time, allowed developers the freedom to write small programs that would operate on 

every vertex and every pixel as they were rendered. These initial programmable gpu’s 

were very limited in the number and type of instructions that they could execute. Both 

cards were capable of executing small vertex shaders and were capable of configuring 

(but not programming) pixel shading. As a result, whereas in theory they were 
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programmable, I can attest from experience that in practice the programs were very 

limited. 

  In my opinion, the most significant thing that happened with the introduction of 

these two cards was that it sparked an arms race between ATI and NVIDIA, the arms in 

this case being the capabilities of the shaders. The next and most significant generation of 

cards, ATI’s Radeon 9700 card and NVIDIA’s FX cards, both of which came out in late 

2002, were the first generation of cards that were capable of true vertex and pixel 

shading. With their introduction, it finally became possible to perform looping operations 

in both the vertex and pixel shaders. In addition, both shaders became capable of 

performing lengthy floating-point calculations and of performing texture operations 

orders of magnitude faster than the cpu.  

This latter functionality, the increased speed of texture operations, became even 

more significant with the introduction of floating point textures. Typically, we think of a 

texture as an image or a picture and the initial use of textures in computer graphics was to 

drape images over three-dimensional surfaces. Floating-point textures, however, are 

different. As the name suggests they are nothing more than arrays of floating point data. 

Being able to send them directly to the gpu opened up many interesting possibilities. 

These possibilities were made even more enticing by the advent of a second major gpu 

enhancement, off-screen render targets. A render target is simply the place where the 

results end up and normally that would be the screen. Typically, the gpu processes 

vertices and textures and normally it sends the output to the computer monitor for 

viewing. An off-screen render target, however, is just another floating-point texture, 

which means that with the introduction of the 9700 and the FX cards you could send 

arrays of floating point data to the gpu, process the data and get it back via a second 

texture. This moved the gpu into another realm, in one-step it went from being a simple 

3D accelerator to being a full-fledged mathematical processing unit capable of complex 

high-speed operations. 

It is with the introduction of those capabilities that the field of computer graphics 

started to explode. At the time of writing, the competition between ATI and NVIDIA 
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shows no sign of slowing down. Consequently, hardware capabilities have increased 

almost exponentially as has the ability to write longer and more complex shader 

programs. As of writing, the most advanced NVIDIA hardware is the 8800 series gpu, 

which has a memory bandwidth of 88GB/sec and is capable of rendering 36,800 million 

pixels per second. Given that the original GeForce 256 could render only 480 million 

pixels per second this translates to an astounding increase in capability of 76X in just 

seven years. 

To put this into perspective, in 1985 while I was working at Western Geophysical in 

Calgary we purchased four STAR array processors whose combined speed rating was one 

gigaflop. The four together cost over five million dollars. NVIDIA’s current flagship 

gaming card, the 8800 GTX has a theoretical speed rating of 520 gigaflops (NVIDIA 

GeForce 8800 Architecture Technical Brief) and costs less than $1,000 or roughly $2 per 

gigaflop. In the past 20 years then the price performance ratio has improved by a factor 

roughly 2.5 million times. As impressive as that comparison is another comparison is 

equally as impressive. I was initially attracted to visualization by the discovery, in late 

1999, that NVIDIA’s first card, the RIVA TNT2 card had a speed rating of roughly 0.5 

gigaflop. The current state of the art 8800 card, which was release seven years later, has 

more than one thousand times the raw computing power. 

A.2.2 The Programmable Graphics Pipeline 

The architecture behind a gpu is fundamentally different from that of a cpu. The 

simplest way to think of a gpu is as a pipeline. The cpu feeds vertices, commands and 

textures into the pipeline. The various elements of the gpu then operate on them and 

sends the final rendered pixels either to the frame buffer for display or to an off-screen 

render target that is accessible by the cpu. This pipeline is known as the programmable 

graphics pipeline and I show it in schematic in Figure A.1. 

There are two typical input streams to this pipeline. The first is the set of 

untransformed vertices that represent the locations, in real world coordinates, of the 

various points in a 3D model. In the case of seismic data, these vertices are the seismic 
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samples themselves. The second input stream is a series of indices that tell the gpu how 

to assemble the 3D surface from the input vertices. Regardless of their geometrical 

complexity, all 3D objects are made up of a series of simple triangles, each of which has 

three vertices. The index stream is just a list of which vertices are used to assemble each 

triangle. You can define simple models without indices but in general, most complex 

surfaces are defined using them. 

Once you have fed the data to the gpu it goes through a series of stages. In the first 

stage, the gpu separates the vertex and index streams. The vertex stream(s) is then passed 

on to the programmable vertex processor (pvp). This is the gpu unit that is responsible for 

converting the untransformed real work vertex coordinates into screen coordinates and, as 

its name suggests, it is capable executing user defined programs. The output from the pvp 

is recombined with the index stream and the gpu then assembles the 3D surface using the 

now transformed vertices and the original index stream. The output from this stage is a 

series of transformed triangles. 

The next stage in the pipeline is the rasterization and interpolation stage. At this 

stage, the gpu evaluates the individual triangles to see if it should cull them from 

Figure A.1: The programmable graphics pipeline for a graphic card with Shader 3 capabilities. Two units in 
this pipeline execute user-defined programs (shaders). The programmable vertex processor transforms the 
real world coordinate vertices into screen coordinates. The programmable fragment processor defines the 
final color or value of a pixel.  
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subsequent processing. Triangles that it does not cull are rasterized, which is the process 

of determining which pixels the triangle covers. There are two output streams for this 

stage. The first is a series of pixel locations, which are passed directly to the final raster 

operation stage. The second is a series of corresponding fragments, which are branched to 

the programmable fragment processor (pfp) which, like the pvp, is capable of executing 

user-defined programs.  

There is often confusion between the terms pixel and fragment. The term pixel refers 

to a single location on an output surface, be it a frame buffer or render target. The term 

fragment refers to the data that the gpu needs to generate a pixel. That data usually 

includes the pixel location, depth, and various colors and texture coordinates. Fragments 

are fed directly into the pfp for processing. The gpu then recombines the output from the 

pfp with the pixel stream, feeds it into the final stages of the pipeline, and then on to 

either the gpu’s frame buffer for display or an off-screen render target for access by the 

cpu.

It is important to note that this is an evolving pipeline and Figure A.1 only applies to 

fourth generation gpu’s (NVidia GeForce FX series and ATI Radeon 9700) which were 

state of the art when this thesis began. Modern state of the art gpu’s are massively 

parallel and may contain a third processing unit, the programmable geometry shader. In 

addition, modern gpu’s are capable of passing more information between the vertex and 

pixel shaders and also of accessing textures directly in the vertex shaders as well as in the 

pixel shaders. 

A.3 Programmable Shaders 

In the early days of digital signal processing, the majority of the mathematical 

operations were performed on highly vectorized array processors, while the cpu 

functioned primarily as an I/O device. With the increased power of workstations and 

pc’s, this programming model died out and the cpu functioned as both an I/O and a 

mathematical engine.   
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The programmable-shader programming model is very similar to the early array 

processor model. The cpu once again functions primarily as an I/O and data assembly 

system whereas the graphic card performs the majority of the mathematical calculations. 

There is one major difference, array processors were vector based whereas graphic cards 

are linear. Array processors were ideal for performing mathematical tasks on large arrays 

of data, i.e. performing Fourier Transforms, convolutions and filtering. In contrast, 

shaders operate on a single vertex or a single fragment at a time. Because of its inherently 

parallel nature, a modern gpu is capable of operating on multiple vertices and fragments 

at the same time but each instance of a shader program only operates on a one at a time. 

This is not to imply that a shader program only has access to the data from a single 

vertex or fragment. Typically, information is passed to the shader as either 2D or 3D 

textures and a shader program may access any part of those textures. This makes it 

possible to perform complex tasks such as interpolation, filtering and smoothing in the 

shaders themselves. However, the output from a shader only pertains to a single vertex of 

fragment. 

Because there are two shaders on the graphic card, the vertex shader and the pixel 

shader, it is important to understand which of the two to use for any given task. It is not 

as important when you use the gpu as a mathematical processing engine but it is vitally 

important when you use it as a rendering engine. This is because performing an operation 

in an inappropriate shader can result in a dramatic loss of performance. Vertex shaders 

operate on every vertex in the model and pixel shaders operate on every pixel. For 

models with a low triangle count it is best to do as many operations in the vertex shader 

as possible and let the rasterizer interpolate any results. On the other hand, seismic 

displays have more triangles than there are pixels on the screen. Consequently, they are 

best processed by pixel shaders because the rasterizer culls most of the triangles. 

SeisScape displays produce two triangles per data sample and consequently have 

very large triangle counts, sometimes on the order of millions of triangles per section. As 

a result, the only operations that the vertex shader does are ones that affect the physical 

location of the vertex (i.e. displacement mapping, morphing between versions, clipping 
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and scaling of sample values). Operations such as determining the final lighting and 

coloring of the pixel are usually left until the pixel shader. 

A.3.1 GPU Programming Languages 

There are two separate graphics languages that must be considered when writing a 

graphics application. The first is the cpu based graphic language and the second is the 

gpu-based language. There are two predominant cpu based graphic languages available, 

OpenGL and Direct3D and three gpu based graphic languages, GLSL, Cg and HLSL. 

OpenGL (Open Graphics Library) is a cross-platform toolkit for writing 3D graphic 

applications. It was initially developed by Silicon Graphics in 1992 and designed for 

what were then their state of the art workstations. From its inception, OpenGL was 

designed as a feature rich API to render a complete three-dimensional scene from simple 

graphic primitives. Despite its richness, OpenGL is considered a low-level graphic 

language requiring the programmer to specify the exact steps required to render a scene. 

There are higher-level languages based upon OpenGL which makes the job of building 

and rendering a complex scene easier. One such language is OpenInventor, which is the 

high-level graphic language used to produce the original SeisScape displays in 1999.

Direct3D is the Windows toolkit for writing predominantly gaming applications and 

is one component of Microsoft’s DirectX API. It was originally developed in 1992 by 

RenderMorphics, a company that was subsequently purchased by Microsoft in 1995. 

Although it competes directly against it, Direct3D is fundamentally different than 

OpenGL. Whereas OpenGL is essentially a low-level rendering engine, Direct3D is 

essentially a low-level interface to the registers on the graphic card. As such it has from 

its inception been in more direct communication with the hardware but has also been 

harder to work with. 

Historically, OpenGL has been the predominant language for scientific computing 

whereas Direct3D has dominated gaming. Currently this division is starting to blur. With 

the advent of programmable gpu’s the use of both languages is being deprecated to 

defining the geometry of the scenes and configuring the graphic card. Almost all of the 
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rendering code is now written in one of the gpu languages. As a result, the decision as to 

which language is better for a given purpose is becoming moot. Up until 2003 SeisScape 

displays were created using the OpenInventor software, which is based upon OpenGL. 

After that time, I switched to using Direct3D, the rational being that since I was 

developing exclusively for the Windows platform and was anticipating using technology 

developed for the gaming industry, that using Microsoft’s gaming api would be the better 

choice.

On the gpu side, all of the original shader programs were written in assembler 

language and loaded directly onto the graphic card. This made programming very 

difficult and often dependant upon the hardware itself. Modern shader programs are now 

generally written in one of three high-level shader languages; GLSL, Cg and HLSL, all of 

which have similar capabilities. GLSL is the OpenGL shading language and is based 

upon the C programming language but since it can only be used with OpenGL which I do 

not use in this thesis, I will not discuss it further.  

The other two languages, Cg and HLSL, are essentially the same language. Cg 

stands for “C for graphics” and was developed by NVIDIA to abstract the developer from 

the nuances of gpu assembly language. As its name suggests, it uses a “C” type of syntax 

although some features of C were modified to make them more suitable for graphics 

programming. In addition, Cg contains several data types such as the half4 data type 

which are needed for high-resolution imaging. Cg is available for both the OpenGL and 

the Direct3D platforms.  

HLSL (High Level Shader Language) is Microsoft’s implementation of Cg under its 

Direct3D platform and is virtually identical to it. The primary advantage of using HLSL 

over Cg in a Windows application is that Direct3D contains functions to compile HLSL 

4 A half data type is a 16 bit floating point value. It has a dynamic range of ±32767 with three decimal 

places of precision. 
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programs on the fly. Given that commercial applications generally release pre-compiled 

shaders and that HLSL can load compiled Cg shaders, this benefit is dubious. 

Unless otherwise noted, all of the software used in this thesis was produced using C# 

as the high-level programming language, Direct3D as the low-level graphics language 

and HLSL as the shader language. 

A.3.2 The Anatomy of an HLSL Shader 

As previously mentioned, there are two variants of shader programs that can be 

written for the gpu, vertex shaders and pixel shaders. DirectX 10 has a third – the 

geometry shader which, because of its newness, will not be considered here. In this 

section I provide a very brief introduction to shaders and discuss some of the 

considerations that must be kept in mind when designing them. For a full explanation of 

the Cg/HLSL language see the excellent reference “The Cg Tutorial by NVidia” – better 

reference here. 

Under HLSL, vertex and pixel shaders are combined together to form “techniques”. 

Code Fragment A-1 shows a simple technique, circa late 2003, that contains both a vertex 

and pixel shader. Although it is usual to have both shaders in a technique, it is not strictly 

necessary and if one or the other is missing, the technique will use the native 

functionality on the card. Techniques can be multi-pass and can use different shaders for 

each pass. They can also change the configuration of the gpu between passes and set 

various rendering states. 

Effect.Technique = “DynamicTexture”; 

 
technique DynamicTexture 
{ 
 pass P0 
 { 
  // shaders 
  VertexShader = compile vs_1_1 DynamicTexture_V(); 
  PixelShader    = compile ps_1_1 TextureColor(); 
 } 
} 
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Code Fragment A-1: A single pass technique that compiles both a vertex and a pixel (fragment) shader 
using Shader 1.1 functionality. Techniques can have multiple passes and can use different vertex and 
pixel shaders in each. 

void DynamicTexture_V(  
 in float2 inputPosition  : POSITION, 
 in float2 inputTexCoord   : TEXCOORD0, 
 in float  inputzValue   : BLENDWEIGHT1, 
 out float4 outputPostion  : POSITION, 
 out  float2  outputTexCoord0 : TEXCOORD0) 
{ 
 
 if( TimeVariantScaler > 0 ) 
  TimeVariantScaling( inputPosition[1], inputzValue ); 
   
 Clip( inputzValue ); 
  
 TextureScale( inputzValue, outputTexCoord0 ); 
  
 YAxisRotate( inputPosition.x, inputzValue ); 
 
 WorldTransform( inputPosition, inputzValue, outputPostion ); 
  
 return ; 
} 
 
Code Fragment A-2: SeisScape vertex shader circa late 2003. The primary function of a vertex shader is 
to transform the vertex coordinates into screen coordinates. In the above code, this is accomplished in 
the function WorldTransform, which applies a transformation matrix to the input, coordinates. The terms 
POSITION, TEXCOORD0 and BLENDWEIGHT1 are semantics. They tell the shader which of the 
input streams of data to use for the corresponding input variable. 

 
void TextureColor ( 
 in float2 textureCoords  : TEXCOORD0, 
 out float4 diffuseColor : COLOR0 ) 
{ 
 // get the diffuse texture color 
 diffuseColor = tex2D(alphaSampler, textureCoords); 
} 
 
Code Fragment A-3: SeisScape pixel shader circa late 2003. The primary function of the pixel shader is 
to determine the final color of the pixel. In the above code, the pixel shader receives an interpolated 
texture coordinate, which is then used to extract the pixel color from a texture. The function tex2D is an 
intrinsic HLSL function. The output color has four floating-point components, one each for red, green, 
blue and alpha (transparency), which vary between 0 and 1.  

Both vertex and pixel shaders have the same basic syntax. Code Fragment A-2 and 

Code Fragment A-3 illustrates the relationship between Cg programs and C itself. Cg’s 

syntax is very similar to C’s but there is a difference in how information is passed in and 

out of a shader as opposed to a C function. The cpu code sends the data to the gpu in the 
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streams and instructs the shader which of the various streams corresponds to the input 

variables. There are five variables in the header of Code Fragment A-2, three are marked 

with the “in” prefix and two with the “out” prefix. The “in” prefix means that variable is 

passed into the program from one of the streams in the graphics pipeline; the “out” prefix 

means that it is passed out of the shader and back into the pipeline.  

Another difference between C and HLSL are the float2 and float4 data types, these 

data types do not exist in C. These data types (and others with a similar syntax, i.e. int2, 

int4 etc) are arrays. HLSL also contains traditional arrays but these are arranged 

differently internally so that they can be manipulated more efficiently by the GPU. Using 

float4 as opposed to float[4] is more efficient. 

Each variable is followed by an identifier (POSITION, TEXCOORD0 etc.). These 

identifiers are called semantics and they tell the gpu where to get the information from, in 

the case of “in” variables, and where to put them in the pipeline in the case of “out” 

variables. In the DynamicTexture_V function, for each vertex to be processed, the GPU 

will pass in the x, y position of the vertex (inputPosition), a set of texture coordinates 

(inputTexCoord) that in this case are not used and a further float value (inputzValue) 

which it will obtain from what are called the BlendWeights. 

When writing shaders it is important to keep in mind that the model for their 

operation is fundamentally different than for conventional “C” code. In an environment 

where the shaders are being used in rendering (as opposed to processing), vertex shaders 

are run on every vertex for every rendering pass; likewise, pixel shaders are run on every 

pixel for every rendering pass. Consequently, the shaders may be executed hundreds of 

millions of times per second. This is different from most conventional C functions, which 

usually operate a few dozen times during the execution cycle of the program. Because 

shaders operate so frequently it is imperative that shader code be highly optimized and 

the developer must always keep in mind that whereas each mathematical operation may 

not by itself appear to be onerous that it is adding hundreds of millions of calculations to 

the gpu’s load. 
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A.3.3 Floating Point Textures 

Throughout this thesis, I make extensive use of the gpu as both a processing and a 

display engine. Both cases require that seismic data be passed to the graphic card in a 

form that is readily accessible. There are two methods for passing this information; (1) as 

data streams or (2) as floating point textures. The original SeisScape displays used data 

streams when passing seismic to the card but this technique proved limited in what it 

could accomplish. This is because vertex shaders only have access to the information 

from a single vertex at a time and so using data streams restricted my early vertex 

programs to processing a single sample value at a time. It is possible to pass multiple 

streams of data to the shader and so such techniques as morphing between different 

seismic versions is possible. However, more complex techniques such as smoothing and 

filtering, which require values from surrounding samples, are not. 

A superior technique is to pass the seismic data to the card in the form of a floating-

point texture.  A floating-point texture is, as its name suggests, simply a texture where the 

pixel values contain floating-point values rather than RGB color values. Both vertex and 

fragment shaders can access any part of these textures using texture coordinates. In this 

way, even though the output from a vertex shader represents one vertex, the information 

used to assemble the output can come from many. Floating-point textures are an efficient 

means of passing multiple arrays of seismic data to the graphic card. Whereas they are 

conceptually arrays of values, they are in practice something else entirely and extracting 

values from them is fundamentally different from reading values out of an array. You 

extract values from a two-dimensional array by specifying the two indices of the desired 

value. However, this is not how you obtain values from a texture. To get a value from a 

texture the programmer uses one of several texture lookup functions that use texture 

coordinates to specify the location of the value in the texture. 
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All of the texture retrieval functions use texture coordinates that vary between zero 

and one. Textures may be one-dimensional, two-dimensional or three-dimensional. 

Consequently, accessing them requires one, two or three texture coordinates designated 

Tu, Tv and Tz. Figure A.2 is an illustration of the texture coordinates required to access 

values in an 8 x 8 two-dimensional texture. Pixels are mapped to rectangles in texture 

coordinate space, that rectangle being a square .125 x .125 in Figure A.2.  

On the surface, this appears to be an overly complex way of getting values from a 

texture but in practice, it has two major advantages over specifying pixel coordinates 

directly. The first is that textures, unlike arrays, often have multiple resolutions. By using 

a texture coordinate rather than a pixel location, the shader does not have to know which 

resolution it is using. The second advantage is that the value returned by a texture 

Figure A.2: The texture coordinates for an 8 x 8 texture. Unlike bitmaps, which you access by pixel 
location, textures are accessed using coordinates, which vary between 0 and 1. Pixels occupy a rectangle in 
texture coordinate space, which in the case of the 8 x 8 texture is an area of 0.125 x 0.125. There are 
several ways of sampling a texture, the most common being POINT mode and LINEAR mode. In POINT 
mode, specifying any coordinate within a pixels area will return the value of the pixel. In LINEAR mode, 
the value returned is linearly interpolated between the adjacent pixels. In LINEAR mode the true value of a 
pixel is obtained by specifying a coordinate exactly in the middle of the rectangle, in the case above this 
would be Tu = 0.0625, Tv = 0.0625 for the first pixel and Tu = 0.9375, Tv = 0.9375 for the last. 
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sampling call changes depending upon the mode of access for the texture. There are 

several modes for accessing a texture, the most common being POINT mode and 

LINEAR mode. In POINT mode, the texture functions as an array and any texture 

coordinate within a pixels mapped rectangle returns the same value, that being the value 

of the pixel.

In contrast, in LINEAR mode, the texture represents a field of continuously changing 

values. The value returned by a texture lookup call is linearly interpolated between the 

surrounding pixels. The interpolation is built into the gpu itself and consequently, linear 

interpolation of floating point values is computationally free. As a tradeoff, it is more 

difficult to obtain the exact value of a sample when using LINEAR mode and to obtain it 

the texture coordinate must correspond to the exact center of the pixels rectangle (2D 

texture) or cell (3D texture). In the case of the 8 x 8 texture shown in Figure A.2, this 

corresponds to texture coordinates of Tu = 0.0625, Tv = 0.0625 for the first pixel and Tu 

= 0.9375, Tv = 0.9375 for the last. 

A.3.4 Dynamic Coloring: an Early Pixel Shader 

Shaders are rapidly becoming one of the simplest and most powerful forms of coding 

but in 2003, when I began work on this thesis, they were in their infancy and their 

benefits were not immediately obvious. In this section, I discuss the first fragment shader 

that I developed and use it to illustrate both the simplicity and the power of shader 

technology.

Figure A.3 is an example of an early SeisScape display that predates my use of 

shader technology. In this display, peaks represent positive seismic amplitudes and 

troughs represent negative amplitudes. The central focus of this section is the color of the 

display, which in this pre-shader example, I calculated in the cpu. To determine the color, 

I converted the seismic amplitude to color with a color lookup table created from a 

yellow-red-white-blue-cyan palette. In this example, yellow represents extreme positive 

amplitudes, white represents zero amplitude and cyan represents extreme negative 

amplitudes. After the color of each sample was calculated, it was attached to its 
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appropriate vertex and passed to the graphic card. This was, in theory, a very simple and 

obvious way of coloring the display but in practice, it suffered from several problems. 

Figure A.3: A SeisScape display of a small section of a seismic line. Peaks represent positive seismic 
amplitudes whereas troughs represent negative seismic amplitudes. The seismic amplitude is the Z 
coordinate of the vertex. The color value for each vertex was calculated in the cpu and passed to the card as 
a data stream. The final display colors are interpolated during rasterization a process that causes the zero 
amplitude line, which should be a thin white streak, to become jagged and ill defined. 

Looking at Figure A.3 it is obvious that the first problem is that the colors do not 

seem to match the seismic amplitudes. In fact, they do match, but only at the vertex 

locations themselves, everywhere else they are wrong. You can see this by looking along 

any one of the seismic events. Since I used white for the zero amplitude color there 

should be a thin white streak along each event. Instead, the zero amplitude line is jagged 

and ill defined. The same is true of other amplitudes because they should also be smooth 

from trace to trace but in practice, they appear jagged or “stepped” along the events. 



394

I illustrate the reason for the “stepped” nature of the coloring in the left triangle of 

Figure A.4. Both triangles in Figure A.4 represent one hypothetical triangle from a 

SeisScape display.  I form each of them from two adjacent samples on one trace and one 

sample on the adjacent trace. I color the left triangle using the same technique that I used 

to color Figure A.3. The color of each pixel is determined by the rasterizer, which takes 

the value of the color at the three vertices (red, blue, blue) and interpolates them. Here is 

the problem, since the rasterizer interpolates color rather than seismic amplitude, it can 

only produce the correct amplitude/color match at the vertex itself. Everywhere else, it is 

wrong.

This illustrates an admittedly simple but crucial point that you must consider when 

writing shaders; vertices define the scenes but the viewer sees pixels and what lies 

between the two is the rasterizer. The rasterizer is responsible for interpolating the vertex 

values down to the pixel level and consequently it is incumbent upon the developer to 

make sure it is interpolating the correct things. 

Figure A.4: Conventional vs. Fragment based color generation. Both images represent one triangle from a 
SeisScape display formed from two adjacent samples on one trace and one sample on the adjacent trace. 
The triangle on the left illustrates the coloring technique used in the pre-shader SeisScape displays. In this 
case, the colors (red and blue) are interpolated in the rasterizer. Consequently, the zero amplitude line 
which passes through the triangle and which should be white cannot be produced. The triangle on the right 
illustrates coloring done using a fragment shader. In this case, the seismic amplitude is passed to the 
rasterizer and interpolated. This interpolated value is then converted to color in the fragment shader. Since 
the fragment shader now “sees” the zero amplitude line it can correctly color it. 
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In Figure A.3 the rasterizer is interpolating color whereas it should be interpolating 

seismic amplitude and the result is a display that lacks precision. By contrast, the colors 

and amplitudes shown in Figure A.5 matches perfectly. This display was created using 

my first ever vertex and fragment shader. To color the display, the vertex shader 

converted the seismic amplitude into a texture coordinate. This texture coordinate was 

then passed out of the shader and onto the rasterizer, which subsequently passed the 

interpolated coordinates onto the fragment shader. Once there, the interpolated texture 

coordinates were used to extract a color from a one-dimensional texture. Passing the 

texture coordinates to the rasterizer is analogous to passing the seismic amplitudes 

themselves and then converting the interpolated amplitudes into a texture coordinate in 

the fragment shader. This latter technique is the one that I use today but due to the 

limitations of the early shaders, it was not possible in 2003. Both approaches, however, 

produce the same results that being to produce colors that correctly match the true 

seismic amplitudes. 

Figure A.5: A SeisScape display of a small section of a seismic line, coloring produced in the fragment 
processor. Peaks represent positive seismic amplitudes whereas troughs represent negative seismic 
amplitudes. The seismic amplitude is the Z coordinate of the vertex. The seismic amplitude is converted to 
a texture coordinate in the vertex shader and then passed out of the vertex shader and onto the rasterization 
engine where it is interpolated and passed into the fragment processor. The interpolated texture coordinate 
is then used to extract the color from a 1D-palette texture. Note that the zero amplitude line, which should 
be a white streak, is now sharp and well defined. 
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A comparison of Figure A.3 and Figure A.5 graphically shows the benefits of what 

you can achieve with the appropriate use of shaders. What is more dramatic is the 

simplicity of the shader code that I used to produce the coloring in Figure A.5. Code 

Fragment A-4 shows the details of the function that I called from within the vertex shader 

to convert the seismic amplitude into a texture coordinate. Code Fragment A-5 is the 

fragment shader code that uses the interpolated texture coordinate to extract a color from 

a palette texture. 

In both functions, the operative code is contained in a single line of shader code. This 

may not appear significant until you consider the steps necessary to change the color 

saturation of the display. The color saturation, i.e. the amplitude range that the colors in 

the palette are spread over, is set in Code Fragment A-5 by the variable ColorPeakValue. 

The calling cpu code sets this value for each rendering pass. Consequently, all the user 

has to do is change the value and re-render the display, the colors of the display change 

automatically. By contrast, passing the color itself to the gpu, as is done in Figure A.3, 

requires the cpu code to load the seismic samples, convert them to color and then attach 

void TextureScale( in float inputzValue, out float2 outputTexCoord )
{ 
 inputzValue = (0.5 + (polarity * 0.5 * inputzValue / ColorPeakValue));    
 outputTexCoord[0]    = 0; 
 outputTexCoord[1]    = inputzValue; 
} 
 
Code Fragment A-4: Function called from within a vertex shader to convert an amplitude value into a 
texture coordinate. Texture coordinates vary between 0 and 1 whereas the seismic amplitude is assumed to 
vary between ± ColorPeakValue. The ColorPeakValue is a variable that is set by the calling code to change 
the color saturation of the display. 

void BumpTextureColor ( in  float2 textureCoords0  : TEXCOORD0, 
       in  float4 lightColor    : COLOR0,  
       out  float4 diffuseColor   : COLOR0 ) 
{ 
 // get the diffuse texture color, 
 diffuseColor = tex2D(alphaSampler, textureCoords0); 
 diffuseColor = diffuseColor * lightColor; 
} 
 
Code Fragment A-5: Fragment shader code that converts the interpolated texture coordinates into a color 
value. The texture coordinates calculated in Code Fragment A-4 are interpolated by the rasterizer and 
passed into the shader as textureCoords0. These coordinates are then used to extract a color value from a 
“palette” texture. The lightColor variable passed into the shader is the diffuse lighting which is calcualted 
in the vertex shader. 
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them to the vertices. In my original SeisScape code this took several hundred lines of 

code.

A.3.5 Conclusions about Shaders 

In conclusion, gpu shaders are a new form of programming. They were originally 

developed strictly for rendering applications but with the introduction of floating point 

textures and off-screen render targets they can now be used as high-performance 

mathematical engines as well. Because they may be executed hundreds of millions of 

times per second shaders must be kept short and simple and the developer must always 

keep in mind the effect and importance of the rasterizer which converts vertex values into 

pixel values. 

Shaders are more than simply another way to program the same thing. Because 

shaders operate every time a scene is rendered they dramatically improve the 

communication between the user and the data. Operations which previously took seconds 

or minutes to complete can now be performed in real-time and, as I will show in later 

chapters, shaders are capable of performing actions that simply would not be possible in 

the cpu. The appropriate use of shaders can also result in a dramatic reduction of cpu 

code volumes. Typically, in my own work, I have seen reductions of about 100 lines of 

cpu code removed for every line of shader code added.
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APPENDIX B: PIXEL SHADER TECHNIQUES 
B.1  Down-Dip Normals Calculation 

Given the nine samples (Z1 – Z9) shown in Figure B.1, the objective is to develop a 

pixel shader technique which calculates the surface normal at sample Z4. The surface 

normal for any point on a surface is calculated as the average of the normals for each face 

(triangle) to which it contributes. Sample Z4 contributes to faces F1 – F6, consequently its 

normal can be written as: 

 0 ( 1 2 3 4 5 6)N Normalize F F F F F F	 � � � � �
��� ���� ��� ���� ��� ����

 (B.1) 

The normal vector to any two vectors is given by the cross-product: 

 1 2Vn V V	 �  (B.2) 

Where the cross-product is defined as: 
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Figure B.1: The six faces (F1-F6) that contribute to the normal at sample Z4. The direction of tessellation 
favors down-dipping seismic events. 
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If we define: 

� = trace spacing, � = sample spacing 

Then the face normals can be written as: 

We now sum the normals noting that if: 

 1 1 1 1( , , )V i j k X i Y j Z k	 � �  (B.4) 

 2 2 2 2( , , )V i j k X i Y j Z k	 � �  (B.5) 
then 

 � � � � � �1 2 1 2 1 2 1 2V V X X i Y Y j Z Z k� 	 � � � � �  (B.6) 
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Table B-1: The face normals for each triangle that contributes to the normal at position Z4 in Figure B.1 
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 0 6N z ��	  (B.9) 

The equation for the unnormalized down-dip favoring average normal for sample Z4 

can then be written as: 
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 (B.10) 

Noting that both � and � are constants, and that the x-component of the normal 

depends entirely upon � and the y-component on �, calculating the normals in a pixel 

shader becomes reduced to calculating the following:  

 0

0

2 1 0 5 ( 3 2 7 8)
2 3 0 7 ( 1 2 5 8)

N x z z z z z z
N y z z z z z z

	 � � � � �
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 (B.11) 

Scaling by the trace spacing and sample interval and then normalizing can be done 

when the normals are used in rendering operations. 
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B.1.1 Down-Dip Normals Pixel Shader 

The following pixel shader can be used to program (B.11). 

Notes: 

� To save texture memory, the output from this shader is stored in a G16R16F 

format which is why the calculation are done as half floats. 

� The seismic data is stored in 128*128 textures which are accessed via the 

surfaceSampler variable. There is one sample per pixel in the input texture. 

� smapInc is the spacing (in texture coordinates) between adjacent pixels. 

� The input data is stored in a multi-sample format, i.e. there may be more than 

one sample version per pixel. The lightIndex variable is used to select which 

of the samples is used for the lighting calculation. 
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void DownDipNormalPS( 
 in float2 texco: TEXCOORD0,  
 out  half4 color: COLOR0) 
{ 
 // define the input values 
 half4 sourcevals0; 
 half4 sourcevals1; 
 half4 sourcevals2; 
 half4 sourcevals3; 
 half4 sourcevals4; 
 half4 sourcevals5; 
 half4 sourcevals6; 
 half4 sourcevals7; 
 half4 sourcevals8; 
 
 // The normalScaler is used to balance the lighting effect between seismic lines with  
 // different amplitude ranges. Because of the limited dynamic range of the half float  

// format, the normalization must be done for each input value to avoid clipping 
 float nrm = normalScaler; 
  
 // read in the input data from the input texture 
 sourcevals0 = tex2D(surfaceSampler, texco + float2(-smapInc, -smapInc)) * nrm; 
 sourcevals1 = tex2D(surfaceSampler, texco + float2(-smapInc, 0)) * nrm; 
 sourcevals3 = tex2D(surfaceSampler, texco + float2(0, -smapInc)) * nrm; 
 sourcevals4 = tex2D(surfaceSampler, texco + float2(0, 0)) * nrm; 
 sourcevals5 = tex2D(surfaceSampler, texco + float2(0, smapInc)) * nrm; 
 sourcevals7 = tex2D(surfaceSampler, texco + float2(smapInc, 0)) * nrm; 
 sourcevals8 = tex2D(surfaceSampler, texco + float2(smapInc, smapInc)) * nrm; 
   
 color.x = 2 * sourcevals1[lightIndex] + sourcevals0[lightIndex] + sourcevals5[lightIndex] –  
  (sourcevals3[lightIndex] + 2 * sourcevals7[lightIndex] + sourcevals8[lightIndex]); 
      
 color.y = 2 * sourcevals3[lightIndex] + sourcevals0[lightIndex] + sourcevals7[lightIndex] –  
  (sourcevals1[lightIndex] + 2 * sourcevals5[lightIndex] + sourcevals8[lightIndex]); 
      
 // Apply the normalization scaler 
 color.x = color.x / 6; 
 color.y = color.y / 6; 
  
 // the output from a pixel shader is always a four component vector regardless of the  
 // format of the texture being rendered to. The z and w components of the vector are 
 // not used but must be defined before the shader will compile. 
 color.z = 1; 
 color.w = 1; 
}; 
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B.2  Up-Dip Normals Calculation 

Table B-2: The face normals for each triangle that contributes to the normal at position Z4 in Figure B.2 
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Figure B.2: The six faces (F1-F6) that contribute to the normal at sample Z4. The direction of tessellation 
favors up-dipping seismic events. 
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The shader development for the up-dip tessellation lighting follows that laid out for 

the down-dip lighting shown in B.1. Using the same model, the six faces that contribute 

to the normal at Z4 are shown in Table B-1: 

Given this, the x, y & z components of the normal can be described by: 
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The equation for the unnormalized up-dip favoring average normal for sample Z4 can 

then be written as: 
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Again, as with (B.10), we note that both � and � are constants, and that the x-

component of the normal depends entirely upon � and the y-component on �, calculating 

the normals in a pixel shader becomes reduced to calculating the following: 

 0
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 (B.16) 
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B.2.1 Up-Dip Normals Pixel Shader 

The following pixel shader can be used to program (B.16). 

void UpDipNormalPS( 
 in float2 texco: TEXCOORD0,  
 out  half4 color: COLOR0) 
{ 
 // define the input values 
 half4 sourcevals0; 
 half4 sourcevals1; 
 half4 sourcevals2; 
 half4 sourcevals3; 
 half4 sourcevals4; 
 half4 sourcevals5; 
 half4 sourcevals6; 
 half4 sourcevals7; 
 half4 sourcevals8; 
 
 // The normalScaler is used to balance the lighting effect between seismic lines with  
 // different amplitude ranges. Because of the limited dynamic range of the half float  

// format, the normalization must be done for each input value to avoid clipping 
 float nrm = normalScaler; 
  
 // read in the input data from the input texture 
 sourcevals1 = tex2D(surfaceSampler, texco + float2(-smapInc, 0)) * nrm; 

sourcevals2 = tex2D(surfaceSampler, texco + float2(-smapInc, smapInc)) * nrm; 
 sourcevals3 = tex2D(surfaceSampler, texco + float2(0, -smapInc)) * nrm; 
 sourcevals4 = tex2D(surfaceSampler, texco + float2(0, 0)) * nrm; 
 sourcevals5 = tex2D(surfaceSampler, texco + float2(0, smapInc)) * nrm; 

sourcevals6 = tex2D(surfaceSampler, texco + float2(smapInc, -smapInc)) * nrm; 
sourcevals7 = tex2D(surfaceSampler, texco + float2(smapInc, 0)) * nrm; 

    
 color.x = 2 * sourcevals1[lightIndex] + sourcevals3[lightIndex] + sourcevals2[lightIndex] – 
  (sourcevals5[lightIndex] + 2 * sourcevals7[lightIndex] + sourcevals6[lightIndex]); 
      
 color.y = 2 * sourcevals3[lightIndex] + sourcevals6[lightIndex] + sourcevals1[lightIndex] –  
  (sourcevals2[lightIndex] + 2 * sourcevals5[lightIndex] + sourcevals7[lightIndex]); 
      
 // Apply the normalization scaler 
 color.x = color.x / 6; 
 color.y = color.y / 6; 
  
 // the output from a pixel shader is always a four component vector regardless of the  
 // format of the texture being rendered to. The z and w components of the vector are 
 // not used but must be defined before the shader will compile. 
 color.z = 1; 
 color.w = 1; 
}; 



407 

 

B.3  Forward Loop Subdivision Normals 

In this section I develop a pixel shader technique to calculate normals based upon 

Loop Subdivision (Loop 1987). Forward Loop subdivision is a technique for splitting 

each triangle in a course mesh into four smaller triangles. It requires as input a regular 

mesh of triangles and produces as output a refined regular mesh of triangles. As such it is 

ideal for use in subdividing seismic data. Its drawback is that it quadruples the number of 

samples needed to render a given set of samples, increasing the number of triangles from 

two per sample to eight per sample. This places an undue burden on the resources of the 

graphic card and as a result forward Loop subdivision is not practical on most seismic 

lines. The Loop scheme is based upon the three-dimensional box spline, which produces 

C2 continuous surfaces over regular meshes. Whereas it is not practical to produce the 

refined meshes it is still possible to make use of the scheme by calculating lighting for a 

course mesh based upon it. 

Z4

Z0 Z6Z3

Z1

Z2 Z5 Z8

Z7

L0 L3

L7L1

L5 L8

 
Figure B.3: Modified down-dip tessellation scheme for producing a normal at position Z4. The vertices are 
calculated by Forward Loop subdivision. The face normals for the subdivided triangles in yellow contribute 
to the Z4 normal. 
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Figure B.3 shows how a down-dip (see section B.1) tessellation scheme can be 

modified to produce normals based upon the Loop scheme. There are two types of 

vertices in this subdivided mesh. The Z0 - Z8 vertices are at the locations of the original 

input samples and are called even vertices. The L0 - L8 vertices are new vertices and are 

called odd vertices.   

The values of both the even and the odd vertices are calculated by a mask. For the 

case of the even vertices this mask is given by: 

 1

1

(1 )
n

i i i
j

j
v n v v� ��

	

	 � � �  (B.17) 

Where:  

i is the level of subdivision. 

n is the number of vertices to which the given vertex connects. 

� is calculated from: 

 
21 5 3 1 2cos

8 8 4 nn
��

� �� �	 � �� �� �� ��  �  
 (B.18) 

For a seismic mesh, each sample is connected to six other samples and therefore: 

 
Figure B.4: Schematic of the even and odd vertices of Forward Loop subdivision. 
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The mask for the even vertex at Z4 is then: 

 � �1
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5 1
8 16
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The mask for each odd vertex is given from: 

 1
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B.3.1 Forward Loop Subdivision Normals Pixel Shader 

Both equations (B.20) and (B.21) are readily programmable in a pixel shader. The 

following shader calculates the average unnormalized normal based upon the down-dip 

tessellation schema described in section B.1. 

void GenerateLoopNormals( 
 in float2 texco: TEXCOORD0,  
 out  float4 color: COLOR0) 
{ 
 float z[9]; 
 float lp[9]; 
  

// obtain the original sample values from the texture 
 z[0] = tex2D(surfaceSampler, texco + float2(-smapInc, -smapInc))[0]; 
 z[1] = tex2D(surfaceSampler, texco + float2(-smapInc, 0))[0]; 
 z[3] = tex2D(surfaceSampler, texco + float2(0, -smapInc))[0]; 
 z[4] = tex2D(surfaceSampler, texco + float2(0, 0))[0]; 
 z[5] = tex2D(surfaceSampler, texco + float2(0, smapInc))[0]; 
 z[7] = tex2D(surfaceSampler, texco + float2(smapInc, 0))[0]; 
 z[8] = tex2D(surfaceSampler, texco + float2(smapInc, smapInc))[0]; 
  
 // calculate the odd vertices 
 lp[0] = 0.375 * (z[0] + z[4]) + 0.125 * (z[1] + z[3]); 
 lp[1] = 0.375 * (z[1] + z[4]) + 0.125 * (z[0] + z[5]); 
 lp[3] = 0.375 * (z[3] + z[4]) + 0.125 * (z[0] + z[7]); 
 lp[5] = 0.375 * (z[4] + z[5]) + 0.125 * (z[1] + z[8]); 
 lp[7] = 0.375 * (z[4] + z[7]) + 0.125 * (z[3] + z[8]); 
 lp[8] = 0.375 * (z[4] + z[8]) + 0.125 * (z[5] + z[7]); 
  

// calculate the even vertices 
 lp[4] = 0.625 * z[4] + 0.0625 * (z[0] + z[1] + z[3] + z[5] + z[7] + z[8]); 
  
 // generate the x and y components of the normal 
 color.x = 2 * lp[1] + lp[0] + lp[5] - (lp[3] + 2 * lp[7] + lp[8]); 
 color.y = 2 * lp[3] + lp[0] + lp[7] - (lp[1] + 2 * lp[5] + lp[8]); 
     
 // The normalScaler is used to balance the lighting effect between seismic lines with  
 // different amplitude ranges. Because of the limited dynamic range of the half float  

// format, the normalization must be done for each input value to avoid clipping 
 color.x *= normalScaler; 
 color.y *= normalScaler; 
     
 // the output from a pixel shader is always a four component vector regardless of the  
 // format of the texture being rendered to. The z and w components of the vector are 

// not used but must be defined before the shader will compile. 
 color.z = 1; 
 color.w = 1; 
}; 
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B.4  Low-Dip Correlative Dip Adaptive Tessellation 

The following pixel shader uses normalized cross-correlation to determine the 

direction of local dip for a given sample. Where the local dip is determined to be upwards 

the shader returns 32767 and where it is downwards it return -32767. You must compile 

the shader using ps_3_0. There are a limited number of registers available to a pixel 

shader, consequently you can not load all of the samples from both traces in the cross-

correlation. I load the samples from the primary trace and subsequently read the sample 

values for the secondary trace each time I need to use them. This is inefficient because 

texture reads are slow. However, reading the secondary values on the fly is the only way 

that this shader will compile. Once I upgrade this routine to Shader 4 (which is only 

available in DirectX 10) this limitation will go away. 

The purpose of this shader is to determine if the seismic data at a sample is up-dip or 

down-dip. The shader determines this by cross-correlating a small window around the 

sample with the values from the next trace. The window that I use is � 4 samples around 

the target sample and I only allow a � 2 sample shift in the cross-correlation. The shader 

sub-samples both the input trace and the cross-correlation trace to one half the sample 

interval which is why I use halfInc in the texture coordinate calculations, smapInc is 

input to the shader as the sample interval in texture coordinate space. 
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void GenerateLowDipTexture_PS( 
 in float2 texco: TEXCOORD0,  
 out  float4 color: COLOR0) 
{ 
 // Attempts to calculate local dip using a small correlation window.  

// To keep within the limits of the texture I use a 9 point operator and allow +- 2 samples in  
// the correlation. The input is sub-sampled to one half the sample interval. 
// All we want to determine is whether the maximum cross correlation  
// occurs up dip or downdip 

 int maxSamps = 8; 
 int maxShift = 4; 
 int totalSamps = 17; 
 int totalShift = 9; 
 float sourceData[17]; 
 float corrData; 
 float halfInc = smapInc / 2; 
 float2 coords = float2(texco); 
 
 // the halfInc is the width of half a sample in texture coordinates. 
 coords[1] -= maxSamps * halfInc; 
 for( int i = 0; i < totalSamps; i++ ) 
  sourceData[i] = tex2D(surfaceSampler, coords + float2(0, i * halfInc))[0]; 
    
 coords.x += smapInc; 
  
 float acS0, acC0; 
 float corrVal=0; 
 float mx = -1000; 
 int index = 0; 
 float results[9]; 
 int i, j; 
 
 for( i = 0; i < totalShift; i++ ) 
 { 
  coords.y = texco.y - (maxShift + maxSamps - i) * halfInc; 
  results[i] = 0; 
  acS0 = 0; 
  acC0 = 0; 
  for( j = 0; j < 17; j++ ) 
  { 
   corrVal = tex2D(surfaceSampler, coords)[0]; 
   coords.y += halfInc; 
   results[i] += (sourceData[j] * corrVal); 
   acS0 += pow(sourceData[j], 2); 
   acC0 += pow(corrVal, 2 ); 
  } 
   
  if( results[i] != 0 ) 
  { 
   results[i] /= sqrt( acS0 * acC0 ); 
    
   if( results[i] > mx ) 
   { 
    mx = results[i]; 
    index = i; 
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   } 
  } 
 } 
  
  if( index < maxShift )  
  color.x = 32767; // updip 
 else  
 { 
  if( index > maxShift ) 
   color.x = -32767; // downdip 
  else 
  { 
   if( results[index-1] > results[index+1] ) 
    color.x = 32767; // updip 
   else  
    color.x = -32767; // downdip 
  } 
 } 
  
 // these three are not needed since they are never written to the output 
 // however you can't just comment them out otherwise it won't compile 
 color.y = 1; 
 color.z = 1; 
 color.w = 1; 
}; 
 
 

B.5  High-Dip Correlative Dip Adaptive Tessellation 

In the previous section I developed a shader that calculated the direction of the local 

dip for a given sample. In this section I extend that shader to return the magnitude of the 

local dip as well as the direction. The returned magnitude is in samples per trace. I use 

the same � 4 samples around the target sample for the data window but in this shadier I 

allow a � 4 sample shift in the cross-correlation as opposed to the � 2 sample shift that I 

used in the previous one. To faciliate that change and still maintain the same efficiency I 

also drop the subsampling. That is why the halfInc, used throughout the previous 

example, is replaced by smapInc, which is defined as the sample interval in texture 

coordinate space. 
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void GenerateHighDipTexture_PS( 
 in float2 texco: TEXCOORD0,  
 out float4 color: COLOR0) 
{ 
 // Attempts to calculate local dip using a small correlation window.  
 // Uses a 9 point operator and allowing +- 4 samples in the correlation  

// so there may be problems as you cross texture boundaries.  
//The difference between this shader and the low dip version 

 // is that the low dip version steps by half a sample.  
// The amount of work done here is the same but we step by an entire sample 

 int maxSamps = 8; 
 int maxShift = 4; 
 int totalSamps = 17; 
 int totalShift = 9; 
  
 float sourceData[17]; 
 float corrData; 
  
 float2 coords = float2(texco); 
 coords[1] -= maxSamps * smapInc; 
 for( int i = 0; i < totalSamps; i++ ) 
  sourceData[i] = tex2D(surfaceSampler, coords + float2(0, i * smapInc))[0]; 
    
 coords.x += smapInc; 
  
 float acS0, acC0; 
 float corrVal=0; 
 float mx = 0.25; 
 int index = maxShift; 
 float results[9]; 
 int i, j; 
 for( i = 0; i < totalShift; i++ ) 
 { 
  coords.y = texco.y - (maxShift + maxSamps - i) * smapInc; 
  results[i] = 0; 
  acS0 = 0; 
  acC0 = 0; 
  for( j = 0; j < 17; j++ ) 
  { 
   corrVal = tex2D(surfaceSampler, coords)[0]; 
   coords.y += smapInc; 
   results[i] += (sourceData[j] * corrVal); 
   acS0 += pow(sourceData[j], 2); 
   acC0 += pow(corrVal, 2 ); 
  } 
   
  if( results[i] != 0 ) 
  { 
   results[i] /= sqrt( acS0 * acC0 ); 
    
   if( results[i] > mx ) 
   { 
    mx = results[i]; 
    index = i; 
   } 
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  } 
 } 
  
 color.x = maxShift - index; 
  
 if( color.x == 0 ) 
 { 
  // handle small shifts 
  if( results[index-1] > results[index+1] ) 
   color.x = 0; // updip 
  else  
   color.x = -1; // downdip 
 } 
  
 // these three are not needed since they are never written to the output 
 // however you can't just comment them out otherwise it won't compile 
 color.y = 1; 
 color.z = 1; 
 color.w = 1; 
}; 
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White hands cling to the tightened rein 

Slipping the spur from the booted heel, 

Tenderest voices cry “Turn again!” 

Red lips tarnish the scabbarded steel. 

High hopes faint on a warm hearth-stone – 

He travels the fastest who travels alone. 
“The Winners” 
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Turn now to Simoorie where, lapped in his ease, 
The Captain is petting the Bride on his knees, 

 
Where the whit of the bullet, the wounded man's scream 

Are mixed as the mist of some devilish dream � 
 

Forgotten, forgotten the sweat of the shambles 
Where the hill-daisy blooms and the gray monkey gambols, 

 
From the sword-belt set free and released from the steel, 

The Peace of the Lord is on Captain O'Neil. 
“The Ballad of Boh Da Thone” 
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“Audentis Fortunas Iuvat” 
Fortune Favors the Bold 

 

Allegedly, the final known words of the great Roman scholar, historian and general, 

Pliny the Elder. Spoken as he boarded his ship to mount a very bold rescue operation for 

the citizens of Pompeii where, very unfortunately, he died; roasted alive in a pyroclastic 

flow. 

 

Ah what the hell! 

Sanity is very much overrated. 

Even if we had known … we would have done it anyway. 

 




