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Chapter 1

Introduction

This chapter contains an overview of the contents of this work. An explanation is given on
how the idea for this thesis originated followed by a brief description of the contents of each

chapter. The thesis objectives will also be defined.

1.1 Motivation

An important part of today’s search for hydrocarbon reservoirs such as oil and gas is the
use of seismic methods which measure changes in acoustic impedance to explore the interior
of the earth. Similar to medical imaging techniques such as MRI or CT, seismic methods
generate image slices (survey lines) through the subsurface geology. By placing many of
these 2D survey lines within close distance to each other a more detailed three-dimensional
picture can be build. This technique is called a 8D survey [Ric05, p. 123].

The visualization and interpretation of the resulting information is a challenging task
due to the huge amount of generated data, which can easily reach sizes of multiple gigabytes
[Mur02]. Moreover, seismic data contains a high presence of noise, which makes it even more
difficult to visualize. Interpretation often includes time-consuming manual tasks to identify
subsurface structures that may hint at potential hydrocarbon deposits.

An often used method to support the interpretation of volumetric seismic data is vol-
ume rendering. This thesis mainly focuses on techniques to improve the classification and
visualization of volumetric seismic data by means of volume rendering.

More specifically it will be investigated if the so-called occlusion spectrum, which is a

classification technique from the medical domain, can be used in the context of seismic

12
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Figure 1.1: Occlusion is the weighted average of the visibility of a point along all direction
in a spherical neighborhood [CK09, p. 3].

volume rendering.

1.2 The Occlusion Spectrum

The occlusion spectrum is a technique for the classification of volumetric datasets based on
ambient occlusion of voxels [CK09]. The term ambient occlusion at this point is borrowed
from the rendering domain, where similar algorithms are used to approximate global illu-
mination effects due to the occlusion of objects. In this context however it is used for the
classification of volumetric datasets.

The occlusion spectrum is calculated using techniques similar to the generation of clas-
sical ambient occlusion. In a preprocessing step a weighted average of a spherical neigh-
borhood for each voxel is built. This is done by sampling all voxels that are located within
a given area. The intensities of the surrounding voxels are weighted according to a wvisibil-
ity mapping and then accumulated. This accumulated value encodes the weighted average
visibility of a point along all directions in a sphere. During rendering, occlusion is used
together with the original signal intensity to generate two-dimensional transfer functions
(see chapter 3).

Contrary to other classification methods such as gradient magnitude, the occlusion spec-
trum highlights structures inside the data instead of material boundaries [CK09]. The orig-
inal paper describes this technique mostly by means of medical datasets such as MRI or
CT data. The idea of this thesis is to adapt this technique in order to classify and visualize
volumetric seismic data sets from the oil and gas domain. The goal of this adaption is
the better identification of structures such as salt domes or channel systems, which are an

integral part of the interpretation of 3D surveys.
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Figure 1.2: Two spheres with same intensity surrounded by two cubes (left). Cubes can be
hidden by mapping intensity values to opacity (right).

Basic Example

The concept of occlusion-based classification can be explained with the following example.
The synthetic dataset in Figure 1.2 consists of two spheres that share the same intensity.
One is surrounded by a cube with lower intensity, the other with high intensity. By mapping
the intensity of voxels to transparency the spheres can be separated from the cubes. However
it is not possible to further differentiate between the two spheres, as they have the exact
same intensity. It is only possible to completely hide or display both spheres.

By further considering the direct neighborhood of the spheres they can be separated
based on the amount of occlusion. The sphere that is surrounded by the cube with the
high intensity lies in the upper occlusion range whereas the neighborhood of the other
sphere shows a lower occlusion distribution (Figure 1.3). The classification is based on the
distribution of intensities around volumetric objects.

Figure 1.4 shows a more advanced example where an MRI of a human head is classified
in terms of occlusion. Depending on the selection inside the occlusion spectrum, different

anatomical structures can be displayed separately even though they share the same intensity.

Visibility Mapping

In the above example occlusion is generated in a linear way. This means that low intensities
correspond to low occlusion whereas high intensities correspond to high occlusion values.

This characteristic can be expressed graphically with a simple linear function (Figure 1.5,
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Figure 1.3: Based on the distribution of intensities around the spheres, they can be separated
from each other. The blue selection points define the visible portion of the data set.
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Figure 1.4: Occlusion-based classification of an MRI of a human head [CK09, p. 2].
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Figure 1.5: Different visibility mappings used during occlusion generation [CK09, p. 3].

top). The way different intensities contribute to the occlusion is controlled with a wvisibility
mapping. Figure 1.5 shows different possible mapping functions. The mapping function
has a great impact on the final occlusion spectrum, because it can be used to emphasize
or completely hide intensity ranges during occlusion generation. Consider the truncated
mapping. During occlusion preprocessing, each voxel that is located in either the minimum
or maximum intensity ranges will not contribute to the occlusion. Choosing a suitable
visibility function is therefore of great importance for the final quality of the classification.
It can be used to vertically spread certain intensity ranges, which is important in order
to maximize the likelihood of structure separation [CK09]. Therefore a good occlusion

spectrum contains a lot of variance in the vertical dimension.

1.3 Objectives of this Thesis

The goal of this work will be to investigate if and how the occlusion spectrum can be applied
to volumetric datasets from the geoscientific domain. Therefore one part of this thesis will
be the conception and the prototypic implementation of a system which can be used to
classify volumetric seismic data using the occlusion spectrum. To validate the results on
the one hand but also to enable the processing of bigger volumes on the other it is necessary
to develop a fast method for the preprocessing calculations. Thus, this work includes the
development of a new algorithm for the generation of the occlusion values from the original
intensity volume. To evaluate the results, synthetic datasets will be constructed that try to

simulate the data distribution of seismic data.
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1.4 Structure of this Thesis

A basic introduction into petroleum geology is given in chapter 2. In addition there will
be an overview of certain geophysical survey techniques including seismic reflection sur-
veying followed by a short description of how seismic measurements are transformed into
renderable volumetric datasets. Chapter 3 deals with volume rendering and explains basic
principles and concepts of rendering discrete scalar fields such as volume datasets. One
important part of this work is the development of a novel algorithm for precomputing oc-
clusion information from a volume dataset. Since this algorithm is implemented in a parallel
fashion for processing on modern GPUs, chapter 4 deals with the topic of GPU computing.
Besides a general introduction there will be a more detailed description of Nvidia’s CUDA
programming architecture. A description of the new sampling algorithm is given in chapter
5 including detailed comparisons of execution times and complexity between the original
CPU-based version. Chapter 6 deals with an adaptive approach for selecting an optimal
visibility mapping for occlusion computation. In the following chapter, the implementation
of the demo application will be explained in some detail. The thesis ends with a discussion

of results in chapter 8 and conclusion and future work in chapter 9.

1.5 Fraunhofer IAIS and the VRGeo Consortium

On behalf of the VRGeo Consortium, which represents the international oil and gas indus-
try, their suppliers of software applications, and their providers of related technology, the
Fraunhofer Institute for Intelligent Analysis and Information Systems (Fraunhofer TAIS) is
engaged in the development and evaluation of interactive hardware and software technolo-
gies for visualization systems in the geoscientific domain [VRG12]. In this regard the results
of this thesis will be presented to the consortium members at the VRGeo meeting which

takes place twice a year to discuss latest research results.



Chapter 2
Geological Background

In order to locate natural oil or mineral deposits the goal of many geophysical exploration
efforts is to identify contrasts to the general background of data [Ric05, p. 19]. Based
on this informations conclusions can be drawn regarding potential hydrocarbon reservoirs.
This chapter will give a basic introduction on how natural hydrocarbons deposits are formed
and in what kind of geological structures they can be found. Furthermore an introduction
is given regarding the geophysical methods that are applied when performing petroleum
exploration. Due to its importance in hydrocarbon exploration, seismic survey techniques
will be described in more detail and certain theoretical aspects in respect to seismic waves

and seismic reflection techniques will also be discussed.

2.1 Formation of Petroleum Deposits

Natural oil and gas fields develop over long periods of time, slowly transforming organic
matter through chemical conversion processes into hydrocarbons. Dead marine organisms
such as algae accumulate over hundreds of thousands of years on the sea floor, building
sediment stratas with a high proportion of organic material. Over time more and more
sediments are deposited on top of the organic layer, creating higher pressures and tempera-
tures. Under these effects of pressure and heat the hydrocarbons that are contained in the
biomass distill into crude oil or natural gas. Rocks that contain accumulated amounts of
these distilled hydrocarbons are called source rocks.

If sediment layers above a source rock are porous and permeable the interstitial oil

may flow out of the rock and travel through more porous limestone or sandstone until it

18
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Figure 2.1: Oil migration from source into reservoir rock [Ric05, p. 10].

reaches a reservoir or is blocked by an impermeable layer. This process of movement is
called petroleum migration and is caused by hydrology, fluid pressures and water movement.
Once the movement of oil or gas has come to an end because it reached an impermeable
sediment layer, it is said to be trapped and the geological structure that causes the end of
the hydrocarbon migration is called petroleum trap [Ric05]. There are four main groups of
geological structure in which hydrocarbons can be trapped: anticlines, salt domes, faults
and unconformities (Figure 2.2). However for deposits to develop several conditions must
be fulfilled. A source rock must be present and located within a suitable geometrical and
historical relations to a reservoir or a trap. Moreover there must be a migration pathway
that actually allows the petroleum to travel into the reservoir. The fact that source rock and
petroleum trap can be separated by very long distances makes the detection of reservoirs
even more complicated. It can be seen that the accurate detection of such geological features
is a complicated task since no direct picture of the subsurface can be taken. Information

on the inner depths of the earth must be derived from results of different geophysical

measurements.

2.2 Survey Techniques

The most unambiguous tool for locating hydrocarbon reservoirs is to drill. However the pro-
cess of drilling requires an enormous financial investment and is extremely labor intensive.
Moreover, drilling blindly into the subsurface carries great risks for nature and possibly also

the human population and therefore it is crucial to obtain as much information as possible
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Figure 2.2: Different types of hydrocarbon traps [Ric05, p. 17].

on the target area to be able to properly prepare a drilling operation. Geophysical surveys
cover a wide range of techniques and processes that aim at reducing the potential risks and
maximize the profit outlook of drilling operations. Survey techniques can be classified as
either active or passive depending on whether they make use of fields that occur naturally or
whether they take measurements of artificially generated energy. Examples of natural fields
are the gravitational, magnetic, electrical or electromagnetic fields of the earth [KBH02].
Artificially generated sources can be the generation of local electrical or electromagnetic
fields or most importantly in the context of hydrocarbon exploration seismic waves that are
used to explore the inner depths of the earth. Geophysical methods are generally used in
a complementary sense, since none of the techniques delivers unambiguous evidence of the
subsurface. For example the beginning of a survey might be done by airborne-based gravi-
metric and magnetic measurements. Based on the findings of these measurements certain

areas can be identified where more detailed seismic surveys are carried out subsequently.

2.2.1 Non-Seismic Survey Techniques

There are various geophysical techniques that are applied before drilling and some of them
will be described in this section. Seismic techniques are the most widely used type of
examination method in the area of petroleum exploration and will be described in more

detail at the end of this section.

Gravimetric Surveys

Variations in subsurface rock density may influence the strength of gravity above it. Mea-

surements of these gravity variations can be used to draw conclusions regarding geological
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Figure 2.3: Gravity anomalies relate to geological structure. Low values are caused by light
rocks [Ric05, p. 20].

structures. The main targets of this survey type are mostly large-scale subsurface struc-
tures, as smaller structures would not disturb the earth’s gravitational field enough to be
detectable at the surface level. Large salt domes for example have a low density compared
to the overlying strata, which causes them to rise upwards due to buoyancy forces. This
difference in density is detectable since the gravity above the dome is lower compared to the
gravity above more dense rock structures (Figure 2.3). Measurements can hence be used to
infer the position and the size of the dome. Gravimetric surveys are useful for gaining an

initial overview of an area of interest [Ric05, p. 19].

Magnetic Surveys

Since rocks contain a small amount of ferromagnetic minerals, they all have a weak mag-
netism that influences their ambient magnetic field. Magnetic surveys respond to these local
variations in the magnetic field. Magnetic measurements respond to changes in rock mag-
netization. Sedimentary basins are generally very low or non-magnetic, which makes them
clearly separable from surrounding rocks that tend to have a stronger magnetism. In the
context of magnetic exploration this is an important property and can used to outline the
shape of a reservoir [Ric05, p. 23]. Similar to gravimetric techniques, magnetic observations

can serve as a valuable primary exploration tool.
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Electrical Surveys

Electrical surveys can be either active or passive. Passive methods measure electrical fields
that may be present naturally, while others introduce artificially generated currents. The
resistivity method for example can be used to measure potential differences of artificially
generated electric currents. These currents are introduced into the ground and the potential
differences are measured at the surface [KBHO02, p. 183]. The results of these measurements
deliver information on the electrical properties of the subsurface. One advantage of electrical
surveys is the ability to investigate the more shallow subsurface, which might not be well
suited to seismic methods for example, since these can only be used to retrieve images of
structures below approximately 50 feet. Further information regarding electrical surveys
can be found in [KBHO02].

Electromagnetic (EM) Surveys

One application case for EM surveys is Sea Bed Logging. SBL is performed offshore by using
a mobile horizontal electric dipole (HED) source transmitting a low frequency electromag-
netic signal which is picked up by multiple arrays of electric field receivers that are placed
on the sea floor. SBL can be used to distinguish whether a reservoir is filled with water or
hydrocarbons. This is due to the hydrocarbons having a higher resistivity compared with

shale or reservoirs filled with water [TE02].

2.2.2 Seismic Survey Techniques

The basic principle of seismic measurements is very similar to the one of ultrasound imaging,
which produces images of the interior of a human body using very high frequency sonic
pulses. In contrast to the very short wavelength of ultrasound, seismic methods use far
lower frequencies resulting in much longer wavelengths. So one major difference between
the two techniques is the distance, which the sound waves can travel into the source object.
High-frequency ultrasound penetrates a human body in the centimeter range, whereas the
low-frequency seismic pulses can reach depths of several thousand meters inside the earth.
To perform a seismic measurement it is necessary to generate an artificial low-frequency
sound wave at the surface level. This wave will travel down into the earth and will be
partially refracted and reflected at the interfaces between different rock layers. Each time a

wave hits an interface it is split and partitioned into two reflected and two refracted waves.
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In the context of reflection seismology this is called a seismic event. The reflected energy
travels back to the surface and is registered by multiple arrays of geophones. During this

process two important properties can be measured.

Two Way Travel Time

The first is the amount of time it takes for the wave to travel down to the reflector and back
up to the receiver. This temporal information is related to the depth of a reflector and is
known as two way travel time (TWTT). However only reflections that are below 50 feet can
be detected clearly because arrival times of reflectors above that depth are nearly the same
as the much stronger direct ground reflection. Reflections of deeper interfaces will arrive
at the geophones later and after the peak amplitude of the ground reflection has passed,

which makes them easier to detect [Env03].

Reflection Strength

The second value is the strength of the reflected signal, which is an indicator of the prop-
erties of rock change at the reflecting interface. The amount of energy that is reflected at
an interface depends on the contrast in impedance between two overlying layers [Low07].
Acoustic impedance is defined as the product of density and seismic velocity in a certain
rock layer and is measured in distance per second. Seismic velocity is the propagation veloc-
ity of a seismic wave for a given medium and depends on multiple factors such as porosity,
lithology, interstitial fluids or depth. For example since rock density tends to increase with
depth, the speed of seismic waves also becomes faster the deeper a wave has penetrated
into the earth. Table 2.4 contains average wave velocities for materials that are commonly
contained in the interior of the earth.

Seismic measurements do not directly locate the position of hydrocarbon reservoirs but
instead deliver important structural information that can be used to infer the presence or
absence of oil and gas. This is due to certain properties such as source rock maturity or
migration pathways not being detectable in seismic data [Kam10]. Seismic techniques are
therefore sometimes described as indirect exploration techniques. Nevertheless nowadays
the seismic method is by far the most widely used technique in the field of geophysical

exploration.
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Material Velocity
feet/second metres/second

WWeathered surface material 1,000-2,000 305-610
Sea water 4,800-5,000 1,460-1,530
Sandstone £,000-13,000 1,830-3,970
Shale 9,000-14,000 2,750-4.270
Limestone 7,000-20,000 2,140-6,100
Salt 14,000-17,000 4,270-5,190
Granite 15,000-19,000 4,580-5,800
Metarmorphic rocks 10,000-23,000 3,050-7,020

Figure 2.4: Average seismic velocities for common materials [Ric05, p. 32].

Figure 2.5: Propagation of a seismic wave from a point source P near the surface of a
uniform medium (left) [Low07]. A spherical wavefront can be approximated by a planar
wavefront (right) [RL95].

2.3 Seismic Data

2.3.1 Seismic Waves

Reflection seismology uses artificially generated seismic waves to explore the inner depths
of the earth. Since these seismic waves are ordinary sound waves they spread out in all
directions when traveling through a medium. The speed of propagation depends on the
density of a material. The points of a wave that have traveled for the same amount of time
are called wavefront. In a uniform medium the wavefront of a seismic wave has a spherical
shape with all points of the wave being equidistant from the source (Figure 2.5). Points on a
wavefront share the amount of time they have traveled but not necessarily the same amount
of distance, as the propagation speed may vary due to different rock densities within the
subsurface. Seismic waves can be divided into two main groups, body waves and surface

waves.
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Figure 2.6: Displacement patterns for different wave types. Compressional waves (a), shear
waves (b), Rayleigh waves (c) and love waves (d) [KBH02].

Body Waves

Body waves can occur either as compressional waves (longitudinal, primary or P-wave) or
as shear waves (transversal, secondary or S-wave). Compressional waves move through a
medium by axial deformation of the medium in the direction of wave propagation. This de-
formation consists of consecutive compressions and dilatations of the transmission medium.
Shear waves propagate by a shear displacement that is perpendicular to the direction of
the wave. Because compressional waves will always travel faster than shear waves in the
same medium they arrive at the receiver first and are hence also known as primary waves
[Low07]. Unlike compressional waves that can propagate in any kind of medium (solids,
liquids and gases), shear waves can only propagate through solid materials [KBH02]. This
characteristic leads to the assumption that the outer core of the earth is liquid since no shear
waves can travel through it. Figure 2.6 illustrates the displacement patterns for different

types of seismic waves.

Surface Waves

In contrast to body waves that spread out into the subject medium, surface waves travel in
parallel along the boundary of a solid. In a geophysical context this means the crust of the
earth. The name comes from the circumstance, that surface waves are tied to the surface
and attenuate with distance from the surface. This means that amplitude and particle
motion decrease rapidly with increasing depth. However since surface waves only propagate

in two dimensions, they lose less energy and therefore decay more slowly compared to body
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waves, which propagate in three dimensions. There are two types of surface waves that
are of importance in the context of reflection seismology, Rayleigh waves and Love waves
(Figure 2.6). The former propagate similar to waves on the surface of an ocean. The
transmission medium is moved up and down and side to side perpendicular to the direction
of the wave. This includes longitudinal as well as transversal particle motions. The latter
are the fastest moving surface waves and propagate by horizontal shifting of the earth and
are sometimes described as polarized shear waves. Surface waves travel generally with a

slower velocity compared to body waves [KBHO02].

Seismic Raytracing

Determining the exact propagation paths (thus the wavefront) of a seismic wave through a
heterogeneous medium such as subsurface geology is an extremely difficult task. In order
to simplify the calculations the following mathematical simplifications are applied. One
observation that can be made when looking at the spreading of a spherical wave is that the
curvature of the wavefront decreases with distance from the source. At great distances the
radius becomes very large and an infinitesimal small section of the wavefront approaches
a plane wave. This is illustrated in Figure 2.5. Since these are simpler to visualize and to
express mathematically seismic waves are generally treated as plane waves [RL95].

The second simplification is that the direction of wave propagation can be described
by rays which are perpendicular to the wavefront and point away from the source of the
wave. These imaginary rays are called seismic ray paths and the process of tracking the
propagation of these rays through a given medium is called seismic ray tracing. The method
of seismic ray tracing is used to generate structural subsurface models based on calculated
and observed travel times of both refracted and reflected seismic disturbances [KBHO02].
Since the same concepts that describe reflection and refraction of light rays are also valid
for seismic energy, studying the ray paths can deliver evidence on the position or shape of

certain subsurface structures.
2.3.2 Seismic Volumes

Seismic Traces

Seismic amplitudes are generally displayed in the form of seismic traces. A single trace is a

graph of signal amplitude against TW'TT and represents originally the recorded signal from
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Figure 2.7: The convolutional model of the reflection seismic trace, showing the trace as
the convolved output of a reflectivity function with an input pulse, and the relationship of
the reflectivity function to the physical properties of the geological layers [KBH02].

a single seismograph. The depth of a reflection can be derived from the travel time and the
strength of amplitude peaks relates to the contrast in acoustic impedance of two adjacent
layers (Figure 2.7). The resulting trace can be described as the convolution of an input

pulse with a reflectivity function that itself is based on the acoustic impedance distribution
[KBHO02].

Seismic Lines and Volumes

By taking a number of these measurements at regular distances to each other (thus placing
multiple traces in a row), a two-dimensional image can be constructed that represents a
cross section through the earth. This image is called a seismic line. By stacking multiple
lines a three-dimensional image (3D survey) of the subsurface can be built. This image
represents a discrete scalar field with the scalar values relating to seismic amplitudes and
grid points relating to the spatial coordinate of the respective seismic events. Since seismic

volumes can be represented as discrete scalar fields, they can be displayed in terms of volume
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Figure 2.8: Seismic lines consist of multiple seismic traces placed in a row. Seismic lines can
be either displayed as wiggle plot (left), or by applying color tables that map amplitudes
to optical properties such as color and opacity (right) [Bro04].

rendering (see chapter 3). Such a discrete seismic volume can be described as,
X(t,2,9)eR, (2.1)

where z and y are spatial coordinates and ¢ is the travel time TWTT [PMMO03]. A single

seismic trace is therefore described as the one-dimensional time-dependent function,

X(t,l’o,yo). (2.2)

The data samples in a seismic volume are normally distributed and a corresponding
histogram will generally have the shape of a Gaussian bell. The minimum and maximum
amplitude values (peaks and troughs) are caused by velocity anomalies due to the presence
of fluids such as hydrocarbon accumulations. Amplitude values that are located around the
zero point are caused by noise during data acquisition. The moderate amplitude intervals
contain information on geological structures. Velocity anomalies can be identified and
classified easily, by hiding all moderate and low amplitude ranges. Interpreters however
spend most of their time analyzing the moderate amplitude ranges, where the structural

information is contained [LBFO05].
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Figure 2.9: Seismic volumes are built by stacking multiple seismic lines (left) [G.F07].
Typical statistical data distribution in a seismic dataset (right) [Bro04].

2.3.3 Seismic Attributes

Seismic attributes are all the information obtained from seismic data, either by direct mea-
surements or by logical or experience based-reasoning [M. 01]. Information relating to am-
plitude or position of the seismic waveform can be used to provide evidence on structural,
stratigraphic or lithological parameters to an interpreter. Looking at seismic attributes may
reveal certain features in the data that may not be apparent otherwise. In the context of
hydrocarbon exploration this can be especially hydrocarbon accumulations [...].

Following the above definition, occlusion calculated for a seismic data set can also be
described as a seismic attribute since it is essentially derived from seismic data. Seismic
attributes can be classified in many different ways depending on the method of generation
or based on domain characteristics. A complete discussion of seismic attributes is beyond
the scope of this thesis but can be found in [M. 01]. As part of this work sweetness [Bru08|

will be introduced as an example of a complex seismic attribute.

Complex Seismic Attributes

Complex attributes are all attributes that can be derived from the complex seismic trace
which is calculated by a 90-degree phase shift of the recorded seismic trace (Figure 2.10),
which is commonly done by a Hilbert transformation [Ame99a]. This leads to a complex
function with the real part being the original seismic trace and the imaginary part being
the phase-shifted trace. Plotting this function in the direction of reflection time leads to
a helix-like structure. A projection onto the real plane gives the actual seismic trace and

a projection onto the imaginary plane leads to the quadrature trace. This complex trace
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Figure 2.10: The complex seismic trace is generated by a 90 degree phase shift of the real
seismic trace resulting in a helix like structure (left). The three key attributes can be
calculated from a complex seismic trace (right) [Ame99b].

function is the basis for a whole range of seismic attributes which are generally referred
to as complex seismic attributes. There are three key complex attributes - instantaneous
amplitude a(t), instantaneous phase ¢(t) and instantaneous frequency w(t). Instantaneous

amplitude (also known as reflection strength or energy envelope) is defined as,

a(t) = /22(t) + y2(¢) (2.3)
and instantaneous phase as, 0
_1,y(t

o(t) = tan 1(—gc(t)) (2.4)

and instantaneous frequency as,

w(t) = o [o(t)]- (2.5)

Seismic Sweetness

Seismic Sweetness [Bru08| is commonly used for identifying sands and sandstones. It com-

bines instantaneous amplitude and instantaneous frequency and is calculated as,

s(t) = , (2.6)
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where a(t) is the instantaneous amplitude and w(t) is the instantaneous frequency. Both
are complex seismic attributes and are derived from the complex seismic trace. Sweetness
can be used to highlight major impedance contrasts that are good indicators of oil and
gas deposits. The attribute was derived based on the observation that the presence of
fluids generally increases the amplitude strength and also decreases the frequency content.
Sweetness which combines the two attributes therefore gives a better image quality in these
regions. It is also very suitable for detecting subsurface channel systems. In combination
with other attributes such as semblance it helps to identify channel boundaries and get an
impression of the interior of the channel. A high sweetness for example is generated by

sands that contain hydrocarbons whereas lower values are caused by shale [Rus10].



Chapter 3
Volume Rendering

Volume rendering describes a range of techniques for displaying discrete scalar data fields
such as volumetric data sets. These are generated in various areas including medical imag-
ing, technical simulations, gaming and measurements from the geo scientific domain. There
are different ways for acquiring the data, such as computer tomography, magnetic resonance
imaging, ultrasound or seismic techniques. In these domains volume rendering is nowadays
an essential tool for analyzing three-dimensional datasets. In addition to the field of sci-
entific visualization, volume rendering also plays an important role in the generation of

bhi

7¢special effects”’. For example certain structures that do not contain an implicit surface
are very difficult to render using traditional surface-based rendering strategies. Typical
examples of these structures are fire, fractals, smoke or fog [KMJT06]. In this chapter
a brief introduction into volume rendering is given and the most common techniques are

introduced.

3.1 Basic Concepts of Volume Rendering

Techniques for displaying volumetric objects can be classified as indirect or direct volume
rendering techniques, each of which has their own limitations and benefits regarding for

example runtime performance or image quality.

32
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3.1.1 Direct and Indirect Volume Rendering
Indirect Volume Rendering

The basic principle of indirect volume rendering is to segment and extract certain areas
of interest from the volume and transform them into polygonal models. One example
of an algorithm for this purpose is the marching cubes algorithm, which approximates
a polygonal model from a voxel-based dataset [LC87]. This approximation of a surface
can be rendered utilizing a standard rendering pipeline including all available illumination
techniques. Feature extraction effectively means that only a subset of a dataset is taken
into consideration. This results in a reduction of the data that needs to be processed during
the rendering stage, which effectively increases rendering speed [Rit09]. The visualization
of a volume by extracting and rendering isosurfaces may be a reasonable approach for
particular data sets such as CT scans. The visualization of a human skull for example
may give good results using a surface extraction. However for other types of data, e.g.
fire simulation, this technique may be inappropriate, as an explicit surface may not exist
in the original data [Rit09]. Another drawback of surface extraction is the fact that an
intermediate preprocessing step has to be performed, which increases the overall complexity
of the system. Moreover it is only possible to display the extracted surface; an additional
display of surrounding information is not possible. For example it is not possible to perform

a combined rendering including both iso-surface and transparent volume.

Direct Volume Rendering

The second category is Direct Volume Rendering (DVR). Using DVR techniques it is not
necessary to extract a polygonal iso surface from the dataset. Instead the scalar values of
the voxels are mapped to certain rendering attributes such as color and opacity. Thus DVR
covers all techniques for rendering volumetric objects without an intermediate conversion
to surface geometry [Levoy 1988]. During rendering all voxels are shaded according to a
transfer function that associates distinct intensity ranges to distinct rendering properties.
Depending on the transfer function different parts can be displayed or completely hidden
in the visualization. The design of a suitable transfer function can be very time-consuming
but also requires a lot of a priori knowledge about the data sets. Therefore it is crucial to
offer interactive tools, that let the user dynamically update the relevant parameters and see

the classification results directly.
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3.1.2 Volume Rendering Integral

All volume rendering techniques make use of an optical model that describes how light
interacts with certain media it travels through [KMJT06]. The energy of light is described

by its radiance I.

__
T dA L dQdt

Radiance is defined as radiative energy @) per projected unit area dA | , per solid angle 2

I (3.1)

and per unit of time ¢. While traveling through a medium, radiance gets altered due to the
light’s interactions with the medium. The three key interactions that affect the radiance
of light are emission, absorption and scattering (EAS). The radiative energy of a light ray
that interacts with a certain medium is affected by EAS. Optical models are used because
the complete mathematical evaluation of this physical model of light transport is highly
compute intensive and therefore not suitable for the domain of computer graphics. The
most commonly used model in the context of volume rendering is the emission-absorption
model. 1t describes the particle of a medium as light emitting and absorbing, while scattering
effects are not taken into consideration. For a single ray, this model can be written in a

differential form as,

dl(s))
ds

= q(s) = k(s)I(s), (3.2)

where emission is given by ¢(s) and absorption by —k(s)I(s). The parameter s defines
the position along the ray. This equation is also known as the volume rendering equation for
the emission absorption model [KMJ*06]. One possible solution for this equation is based
on an integration along the direction of light flow from a given starting point s = sg to a

given end point s = D. This integral solution is called the volume rendering integral I(D).

D
I(D) = Ipe™ Jo *O% | / g(s)e 2 kOt g, (3.3)

50

The main purpose of DVR is the evaluation of this integral which computes the color
of light that passes through a volumetric medium. A complete derivation of this integral is
beyond the scope of this thesis. A comprehensive discussion can be found in [And95] and
[MMO4].
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Figure 3.1: Partitioning of an integration domain into separate intervals (left). Approxima-
tion of an integral by a Riemann sum (right) [KMJT06].

Numerical Approximation

Generally it is not possible to evaluate the volume rendering integral analytically. Therefore
the main goal of volume rendering is to provide numerical approximations that represent
the exact solution as accurately as possible [KMJ106]. One common technique is to split
the integration domain of the volume rendering integral into n separate intervals. Each
of these intervals is then approximated and the final result is determined by accumulating
the intermediate interval results (Figure 3.1). The resulting approximation is known as

Riemann sum. The volume rendering integral can be rewritten in a discrete form as,

ID) =Y e [] Ty co=1(s0)- (3.4)

i=0  j=i+1
This integral is the basis for all DVR techniques. It represents a good approximation
to equation 3.3 and can therefore be used to generate two-dimensional images from three-

dimensional data sets.

3.1.3 Data Representation

There are two different definitions of the term voxel. The one that is used as part of this
thesis assumes that voxels are points in 3D space containing a coordinate and a correspond-
ing scalar value. The scalar value of points that are located in between certain voxels is
determined by trilinear interpolation. The second definition describes a voxel as a cubic
region within 3D space. The scalar value of the voxel covers the whole interior of this cell.
Following the first definition a voxel can be understood as a grid point within a uniform grid
structure. The scalar value of each of these grid points can be distinguished by accessing

the grid element at the respective coordinate of the voxel.
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Figure 3.2: Two different types of voxel representation.

Therefore a single voxel can be described as a tuple (z, y, z, v). The first three elements
encode the spatial coordinate of the voxel. The corresponding scalar value is contained in
the fourth element v. How this value has to be interpreted depends on the type of the
dataset. Its intended meaning can be for example tissue density, temperature or seismic
amplitudes. In the above example voxels serve as grid points of a wuniform grid, where
the distance between adjacent voxels is always the same. Conversely there are also non

uniform-grids.

3.2 Volume Rendering Pipeline

3.2.1 Interpolation

During rendering an application will very rarely access the volume data at even grid points.
Most of the time samples are taken which are located in between the voxels and the re-
spective sample value has to be interpolated. During data acquisition a continuous signal
is sampled at regular intervals and stored as a discrete voxel grid. Therefore a volume
dataset represents the original signal in a discretized form. When sampling the data set
at a certain position the original signal should be reconstructed as accurately as possible.
Samples taken from in between voxels are interpolated and this operation serves as recon-
struction of the original signal. The quality of interpolation is of great importance for the
resulting image. There are many interpolation techniques, such as linear interpolations or
cubic B-spline interpolation, that are relevant for volume rendering. Because it is used as
part of this thesis, trilinear interpolation will be explained with the following example. The

value of p in Figure 3.3 can be determined by a combination of multiple linear and bilinear
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Figure 3.3: Illustration of linear (left), bilinear (middle) and trilinear interpolation (right)
[KMJ106].

interpolations. The value of p between point a and point b is calculated as,

f(p) =1 —x)f(a) +zf(b). (3.5)

A bilinear interpolation is calculated by two successive linear interpolations

fP) =0 =y)f(Pw) +yf(Pea); (3.6)

where f(p,,) and f(p,q) are the results of two linear interpolations along the x direction,

fPap) = (1 —2)f(a) + zf(b), (3.7)
f(Pea) = (1 =) f(d) + zf(c). (3.8)

In the same fashion trilinear interpolation can be calculated as,

fP) = (1= 2)f(Pabea) + 2f (Pefqn)- (3.9)

A more extensive overview of interpolation and reconstruction techniques can be found

in [KMJ*06].

3.2.2 Classification

A single voxel within a regular volume represents only intensity values but contains no
information on the appearance of a certain element, such as color or transparency. This is
because during data acquisition usually only the signal intensity is stored without further

information on the appearance of a voxel. Therefore the optical material properties are not
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defined and must be adjusted manually. This process of mapping intensity values to visual
rendering parameters such as opacity and color is known as vozxel classification. Structures
inside a dataset can be highlighted or completely hidden. For example voxels with a high
intensity may belong to bones and can be rendered in white, whereas softer tissue such as
fat or skin can be made transparent as it has a much lower intensity. In this way certain

areas of interest can be selected based on the voxel intensity.

Transfer Functions

Such a mapping of intensity values to transparency is an example of a one-dimensional
classification which is based only on scalar values since only intensity ranges are taken
into consideration. The mapping that describes how certain intensity values are rendered
is known as transfer function. These are generally implemented using some form of look-
up table that contains optical attributes for all available intensity values. A basic opacity
mapping can be encoded in a simple one-dimensional texture, however transfer functions
can be two- or theoretically n-dimensional.

Even though one-dimensional transfer functions are the most widely used [CK09], they
do have certain severe limitations. To overcome this, additional dimensions can be inte-
grated into the transfer function domain leading to more flexibility during classification.
The occlusion spectrum, which is a cross plot between signal intensity and respective oc-
clusion, serves as a two-dimensional transfer function. In addition to the intensity, the
occlusion values serve as a second classification dimension. By selecting appropriate regions
inside the spectrum, structures can be separated - an operation that might not be possible

using simple one-dimensional transfer functions.

3.2.3 Shading

Shading of a voxel is performed after it has been assigned color and opacity values. The
final color of a voxel however is further dependent on parameters such as view direction,
position and color of available light sources. There are certain models that describe how
these parameters influence the appearance of a certain point. These models are known as
local illumination models since they describe illumination of single surface points without
taking global effects such as its ambient surroundings into consideration. Local illumination

models calculate the color for a particular surface based on the normal vector that describes



CHAPTER 3. VOLUME RENDERING 39

its spatial orientation. However in order to adapt local illumination techniques to volumetric

datasets another metric is needed as they do not contain normals for its data elements.

Gradient Estimation

A good approximation for surface normals can be achieved by using the gradient of vol-
ume dataset which is defined as the vector that is perpendicular to the isosurface through
that point. There are different approaches for calculating the gradient, including prepro-
cessing and runtime techniques. Precomputed gradients generally result in high memory
consumption as the gradients must be calculated and stored per voxel. An additional vol-
ume is uploaded to the GPU and during rendering gradients are sampled from this separate
texture. Since GPU memory is mostly a scarce resource, this may be an unacceptable limi-
tation. Another approach is to generate gradients during runtime. This so-called on-the-fly
gradient estimation can be implemented using one of many available gradient operators.
The most common operator is the central differences operator that determines the dif-

ference between adjacent voxels based on,

1 f(x—i—h,y,z)—f(a:,y,z)))) + f(.fC,y,Z)—f($—h,y,Z))))

za = 5( - Y ) (3.10)
Ya = ;(f(a?,y + h7 Z)h_ f(l‘,y,Z)))) + f(x,y, Z) — f}(lxvy — h?'z))))) (311)
2y = l(f(xvyaz + h) — f(w,y, Z)))) + f(l‘,y,Z) — f(x,y,z — h))))) (312)

2 h h
with h as the distance between two voxels and z,y, z as the coordinate of the central
voxel [KMJT06].

The central differences operator approximates the directional derivatives in real time by
taking six additional samples from neighboring voxels. The secant from the previous to the
next voxel is then used as approximation for the gradient (Figure 3.4).

One important difference between precomputed and runtime methods is the way gradi-
ents are saved and sampled. Precomputed gradients are stored at regular grid coordinates
and are interpolated trilinearly during runtime whereas runtime gradients are calculated on

a per pixel basis inside the fragment shader. Since modern hardware has reached a perfor-

mance level that is sufficient for runtime evaluation of gradients, this approach is generally
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Figure 3.4: Finite differences for gradient estimation. Forward differences (left), backward
differences (middle) and central differences (right) [KMJT06]. The slope of the tangent
(dotted red) is substituted by the slope of the secant (green).

preferred nowadays as it also results in higher image quality [KMJT06].

Gradient-based shading is used best for volume datasets that have distinct and clear
boundaries between material layers. Based on the gradient all common local illumination
techniques can be applied. However, gradient-based techniques are very sensitive to high-
frequency noise. In the context of seismic volume rendering this is problematic because
acquisition is based on seismic waves and the datasets are generally of noisy nature with no
distinct material boundaries [PBVG10).

3.2.4 Compositing

The basis for calculating the discretized volume rendering integral is the compositing scheme,
which describes how samples that are taken along a ray are blended together to build the
final pixel color. Although there are several different schemes for blending samples together,
they all can be classified as either front-to-back or back-to-front traversal schemes depending
on the direction of the viewing rays. The most common technique are front-to-back blending
methods. Rays are cast from the viewing point into the volume and samples are taken at
discrete positions along the ray. The blending formula for front-to-back traversal order is
given by,

Cast = Cast + (1 — aast) * Csre, (3.13)

and,

Qdst = Qdst + (1 - adst) * Qlsre- (3'14>

If rays are started at the back of the volume and are directed towards the camera then
the blending formula is,
Cdst = (1 - asrc) * Cdst + Csrc' (315)
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Both approaches come with several benefits and drawbacks, so the traversal order should
be selected depending on the application. One big advantage of front-to-back traversal is,
however, early ray termination. The sampling of rays that have accumulated to full opacity
can be canceled, because all portions of a volume that are located behind will be completely
occluded, because the pixel is already totally opaque.

In addition to these two compositing schemes that are based on direction there are other
methods such as maximum intensity projection (MIP) or accumulation methods (first, last,

average etc.). Further information regarding this can be found in [KMJ*06] and [MKG99).

3.3 Techniques for Volume Rendering

Volume rendering techniques can be classified as either image-order or object-order tech-
niques. In this section for each group one example will be introduced, namely texture slicing

and volume raycasting.

3.3.1 Texture Slicing

The concept of texture slicing is a very natural way of displaying volumetric datasets. For
example, a CT scanner takes multiple stacked images of a human body. In discrete intervals
two-dimensional sections are scanned and the measured density values are saved as pixel
elements. In this way the continuous object is discretized and stored as a stack of images.
A reconstruction of the scanned object can be achieved by placing multiple quad primitives
closely next to each other. This group of quads is also called proxy geometry. In a basic
implementation the position of the quad vertices are used to calculate texture coordinates at
which the volume is sampled from. During rasterization each quad is then textured with a
section through the volume with respect to its spatial coordinates. There are different ways
for positioning the proxy geometry. The most common are object-aligned and view-aligned
(Figure 3.5).

The advantage of basic texture slicing is its simplicity regarding the implementation as
well as its runtime performance. Limitations however exist regarding the image quality,
which often contains rendering artifacts at the edges of slice polygons. If texture slicing is
implemented using two-dimensional textures, then only bilinear interpolation is available.
On modern hardware this can be overcome by directly using three-dimensional textures

that offer trilinear interpolation for sampling points located in between grid points. In
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Figure 3.5: Multiple slices together form the final image. These can be either object-aligned
(top row) or view-aligned (bottom row) [KMJT06].

order to accurately display high frequencies in the data, proxy slices must be placed very
close to each other, which results in a high amount of geometry that needs to be processed.
Advanced rendering techniques such as adaptive sampling distances [MKO07] can not be

implemented easily into texture slicing algorithms.

3.3.2 Volume Raycasting

The basic idea of raycasting is to generate an imaginary ray for each pixel of the final image,
which is illustrated in Figure 3.6. This ray is cast from the view point into the volume and is
sampled at regular intervals. These samples are used to accumulate the color of the ray as it
traverses through the volume. Color and transparency are applied at this point depending
on the intensity of the voxel and the transfer function. Moreover, shading can be performed
at this stage based on local illumination models and available light sources. Once the ray
leaves the volume on the opposite side, the accumulated color is used as final pixel color.
Raycasting is different to raytracing because the rays are not reflected at surface interfaces
but instead are traversed through the whole range of the volume. Therefore the pixel color

is determined as the sum of color and opacity values of all samples taken along that ray.
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Figure 3.6: Steps performed during raycasting. Ray setup and ray traversal (left), sampling,
classification, shading (middle) and compositing (right).

3.4 Seismic Volume Rendering

Volume rendering techniques are also used in the geoscientific domain to visualize data sets
that are acquired through the use of seismic methods. In this context seismic amplitude
values are mapped to rendering quantities. According to [PMMO03] the main purpose of this
approach is to get an overview of structural and stratigraphic features which are important
indicators of the location of hydrocarbon traps. DVR is used to preview a seismic data
set and identify areas of interest which are inspected in more detail in subsequent steps.
Displaying a whole data set in one single image can be very helpful to gain an overview of a
three-dimensional survey. Finer interpretation work is done afterwards based on potential
hydrocarbon deposits that were identified using volume rendering.

In many visualization scenarios data sets can be rendered with some kind of default
transfer functions for different types of data. These default functions serve as a good
starting point for volume exploration and can be adjusted by the user during the rendering
process. This process requires the knowledge of a priori models of the data. For example
each CT scan of a human head will contain a certain amount of bones, skin and brain tissue.
The distribution and the spatial relationships of these components to each other will vary
with different CT scans, but all these structures are present. Unfortunately such a priori
models do not exist for seismic data due to its strong variability [AMMO03]. This means,

that the distribution of structural and stratigraphic features differs with each data set.
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GPU Computing

Moore’s law predicts that the number of transistors that can be placed on a single integrated
circuit will approximately double every two years [Gor65]. However, recently this trend has
experienced a slowdown because ever-increasing numbers of transistors and clock cycles per
circuit cause a significant rise in temperature and energy consumption. As a consequence
manufacturers of micro chips started to develop microprocessor architectures that contain
multiple processing units to further boost the processing power of their chips. In this
regard two main concepts are observable. The multicore concept follows the approach of
using multiple processor cores, each fully implementing the x86 instruction set [DW10].
Multicore chips are designed to maximize the execution of sequential programs. In contrast
to this, manycore chips are designed to maximize the execution of programs that are of a
more parallel nature. Figure 4.1 illustrates the difference between both concepts.

The individual execution units of manycore systems are not multiple-instruction pro-
cessors, but instead smaller single-instruction processors that are heavily multi-threaded
and share their control and instruction cache with multiple other cores [DW10]. Examples
of such parallel manycore processors are current Graphical Processing Units (GPUs) from
Nvidia or AMD.

The Render Pipeline

GPUs were originally developed to accelerate the execution of graphics-related applica-
tions, which include a sequence of steps for rendering two-dimensional images from three-
dimensional data. This sequence of steps is referred to as the rendering-pipeline, which is

illustrated in a simplified version in Figure 4.2.
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Figure 4.1: Difference between multicore (CPU) and manycore (GPU) [DW10].

The purpose of this pipeline is the processing of polygonal primitives into rasterized two-
dimensional images that can be displayed on a computer screen. Application developers
can manipulate the results of the different stages by writing small microprograms which are
known as shaders.

As part of this thesis verter shaders as well as fragment shaders are important. They
can be used to control the effects of the vertex processing stage and the fragment processing
stage respectively. The vertex processor performs per-vertex operations, which generally
include operations such as linear transformations of the vertex position and/or its normal
vector. Furthermore the input vertices are transformed from their local model coordinate
system into the world space, then the camera space and finally into the screen space.
Transformed vertices are subsequently grouped into geometric primitives in the primitive
assembly stage [FKO03].

After these per-vertex operations have been performed, the assembled primitives are
propagated to the fragment processor. Each primitive is rasterized into a set of fragments
where every fragment relates to a single pixel of the final pixel image. The generated
fragments can be further processed by fragment programs that apply per-pixel operations,
such as texturing or per-pixel illumination.

The results of the fragment processing stage are then blended into the frame buffer for
compositing. In this last stage it is decided, if a single fragment will be visible on the screen
or must be discarded due to occlusion [KMJT06]. For the sake of completeness it must be
noted that the pipeline of modern GPUs offers even more programmability in the form of
geometry shaders, tessellation control shaders and tessellation evaluation shaders. However,
since these are not relevant for the present thesis, the reader is referred to [Wolll] for more

detailed information in this regard.
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Figure 4.2: The Programmable Graphics Pipeline (Modified from [FKO03]).

4.1 GPGPU

GPU computing or GPGPU (General Purpose Computation on Graphics Processing Units)
covers a range of approaches to do general purpose computing on GPUs that can, but do
not necessarily have to, be graphics-related. The basic principle is to combine multicore
(CPU) and manycore (GPU) units to build a heterogeneous co-processing computing model
[Ghol2]. In this setup sequential parts of a program are executed on the CPU whereas
portions of the application that can be parallelized are executed on the respective parallel
processor. Therefore the benefits of heterogeneous systems lie in the combination of the
strengths of both multicore and manycore technologies. The purpose of GPU computing
is not to replace CPU computing. GPUs were originally designed for accelerating graphic
operations. Using GPUs for other more general purpose applications, was difficult and
usually forced the developer to detour via an existing graphics API, such as OpenGL or
Direct3D. As a consequence, application logic had to be transformed into a format that
could be executed in a graphics context, even though it was not graphics-related at all — an

approach that was error-prone and that complicated application development [HNOT7].

4.2 Compute Unified Device Architecture (CUDA)

Nvidia’s CUDA architecture was introduced in 2005 and aims at making GPU computing
more accessible to developers. It is a programming model for modern manycore architec-
tures. In order to access the computing power of modern GPUs developers had to transform

their application logic into a format that could be processed within the graphics pipeline.
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This means that parts of an application that were compute-intensive were processed in ver-
tex and fragment shaders. However, shader syntax is limited and does not offer full access
to all available hardware features. Even though CUDA applications are executed on the
same hardware as graphic applications, more hardware features are accessible through the
CUDA API. For example in contrast to fragment shader programs, a CUDA kernel can
read and write to arbitrary positions in the global memory of the GPU [MRH10]. Although
there are alternatives to CUDA such as DirectCompute or the vendor neutral OpenCL,
at the time of writing, Nvidia’s CUDA seemed to be the most mature and stable of these
systems and was therefore chosen as GPU API for this thesis.

CUDA Syntax

Generally the syntax for writing CUDA applications is standard ANSI C with some extended
keywords. These keywords are mainly needed for the compiler to distinguish whether given
functions are supposed to be compiled for either host or device (Section 4.2.2) or what part
of the device memory should be used (Section 4.3). A function that is declared with the
keyword global will be executed as a kernel function on the device side but can be called
from the host side. In contrast, the device keyword is used for functions that are only
visible on the device side. This means that a function can only be called from within a

kernel function, but not from the host process.

4.2.1 Fermi Hardware Overview

As stated above, multi- and manycore technologies are combined into a heterogeneous
computing model that utilizes the strengths of both approaches. In this thesis the current
Fermi generation is taken as an example of hardware architecture of modern GPUs. A
Fermi GPU consists of multiple streaming processors which are supported by a second-level
cache, the host interface and multiple DRAM interfaces (Figure 4.3). The GigaThread
scheduler is responsible for distributing the available threads among the SMs as well as
for redistributing the execution order of threads so that they get packed into the Fermi
pipeline more efficiently [NVI09]. As can be seen in Figure 4.3, a Fermi GPU contains six
64-bit memory controllers that together result in a total memory interface of 348bit. The
Fermi architecture can perform 16 double precision floating point operations per SM per
cycle. Given, for example, a number of 16 SMs in the GTX 590, this results in 256 double

precision operations per cycle. This is possible because Fermi GPUs work internally with
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Figure 4.3: NVIDIA’s Fermi GPU architecture consists of multiple streaming multiproces-
sors indicated in green [NVI09].

fused multiply add (FMAD) operations that can combine additions and multiplications into

one single statement.

Fermi Streaming Multiprocessor

The main building block of Fermi GPUs is the Streaming Multiprocessor (SM), which con-
sists of 32 CUDA cores each of which with a total number of 1024 registers. A single core
has a dedicated integer ALU as well as an FPU that is capable of single and double precision
floating point operations. The cores inside the SMs are SIMT (Single Instruction Multiple
Threads) cores, which means they all execute the same instructions but on different parts
of the input data. Furthermore, a single SM has 64KB available for shared memory and the
L1 cache. How this amount of memory is split between shared memory and L1 cache can be
selected by the developer (e.g. 48KB/16KB or 16KB/48KB). This feature leads to a higher
degree of flexibility and gives the developer the option to increase the throughput when a
task needs more or less L1 cache space [NVI09]. Each SM has further an 8-KB cache for
constants that are stored in the device memory. A single SM can process up to 48 threads.

The actual number of SMs differs with each chip version. Another component of an SM
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Figure 4.4: Each Fermi SM includes 32 cores, 16 load/store units, four special-function
units, a 32K-word register file, 64K of configurable RAM, and thread control logic. Each
core has both floating-point and integer execution units (Modified from [NVI09]).

are 16 LS (load/store) units that manage access to the device memory. Besides that there
are four SF (special function) units that are used for calculating special transcendental
functions such as sine or cosine calculations.

Figure 4.4 shows an overview of one single streaming multiprocessor. Besides the actual
execution cores, several control structures can be seen. At the top there is the warp scheduler
and the dispatch unit. Together these two components are responsible for distributing warps,
which are groups of 32 threads each among the 16 cores within the SM. For example, during
program execution it can occur that certain threads have to wait for the result of a high
latency operation such as a complex calculation or readings from device memory. The
number of clock cycles it takes until a thread is ready for performing the next instruction
is called thread latency. Other threads however might be ready for execution. The warp
scheduler will always try to select warps that are ready for execution and can therefore try
to hide thread execution latency. By always selecting warps that are immediately ready for
execution, the hardware can be fully utilized, which increases the overall performance of a

CUDA application.

4.2.2 CUDA Program Structure

A CUDA application consists of two main components. First there is the host, which
represents a standard CPU-based system and processes the sequential part of an application,
and secondly there is one or more devices that represent CUDA-enabled graphics hardware.
During program execution the host calls so-called kernel functions that are executed on
the device side. During the invocation of one of these kernel functions a certain number
of threads is launched. These threads are organized in blocks; blocks in turn are organized

in grids. This organization leads to a two-level hierarchy as shown in Figure 4.5. The size
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of a grid must be adjusted so that enough threads are generated to completely process the
input data. The granularity of threads in a block as well as the granularity of blocks in a
grid are parameters that can be adjusted manually, depending on the application and the
data that is to be processed. For example, to define a kernel function that inverts the pixel
values of a simple quadratic gray scale image with dimensions of 512x512 and a block size

of 32x32 threads, the grid size can be determined as,
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which in this case results in grid dimensions of 17x17, which creates a total of 295,936
threads. Even though the image can be covered by a 16x16 grid, the additional block
is needed in case the block dimensions can not be converted to a multiple of the input
dimensions. The additional (in this example superfluous) block ensures that enough threads
are always generated.

After a kernel function has been launched, the CUDA runtime system constructs the
respective grid with the desired number of blocks and threads. Each thread block is dis-
tributed to and executed by one of the available streaming multiprocessors. The order of
execution relative to other thread blocks can not be specified. This enables the hardware
to schedule block execution in any order, in parallel or in series [Pet09]. This also allows
the hardware to distribute thread blocks among the available execution resources. CUDA
applications can therefore scale with increasing number of streaming multiprocessors. This
ability to execute the same program code on hardware with different execution resources is

known as transparent scalability [DW10].

Warps

Blocks that have been assigned to an SM are further subdivided into warps before the
actual execution. Warps are the units of thread scheduling in SMs. A single warp consists
of 32 threads and each thread block therefore has N/32 warps. In the Fermi architecture
two warps from different thread blocks can execute concurrently [Pet09].

Each SM consists of a number of actual streaming processors. Thread blocks are further

divided into warps because the hardware needs a certain thread granularity in order to
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Figure 4.5: System structure of a CUDA application. Host side calls kernel functions.
Kernel functions are executed on the device. Launched threads are organized in blocks.
Blocks together form a grid (Modified from [DW10]).

efficiently execute long-latency operations such as accesses to global memory. If threads in
a warp need to wait for the result of a long latency operation such as a complex calculation or
access to global memory then the warp is not chosen for execution. Instead the SP processes
another warp that is ready for execution. Executing other warps during latency of expensive
operations is known as latency hiding and increases overall performance, because latency

gaps are filled with other ready-to-process warps.

Kernel Functions

A CUDA grid consists of many small separate threads. During execution each of these
threads processes instructions which are defined in a kernel function. Each thread in a grid
executes the exact same kernel function. Therefore CUDA is based on the single-program,
multiple-data (SPMD) parallel programming style [DW10].

In order to distinguish threads from each other the CUDA API provides certain prede-
fined runtime arguments that can be used to identify threads but also to define which parts
of the input data a thread has to process. A single thread in a grid is identified by two main
values. The first value is the threadldx, which defines the local position of a thread in a
block. The second factor is the block index blockIdx and the block dimensions blockDim,
which locates the block inside the grid. These values are three-component struct variables
that define the number of blocks in the grid, the number of threads in a block, the ID of the
block within the grid and the ID of the thread within the block [NVI10a]. By combining

these values, each thread can calculate its identifier as,

thread, = blockIdz.x * blockDim.x + threadldx.x (4.3)

thread, = blockIdx.y * blockDim.y + threadldx.y (4.4)
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During execution of a grid, each thread needs to know which portions of the input data
it is supposed to process. Since each thread has a unique ID, this portion can be calculated
based on the thread identifier. Secondly, each thread needs to know where it should store
its calculated result. In this case the thread identifier is also used to locate certain areas in
GPU memory where threads can write their results to.

One thread can be seen as one iteration of a loop. For example, a function that inverts
all elements within a gray-scale image would typically be implemented using two nested for
loops. The single pixel coordinates are calculated sequentially. The same function can be
rewritten as a CUDA kernel without any for loops simply by defining a grid that covers the
whole input image and spawns one thread for each pixel. Within the kernel function, pixel
coordinates can then be determined based on the location of the thread in the grid.

In the CUDA version, no for loops are needed anymore, as the function of the loop is
now cast into the grid. To determine which pixel each thread has to process, the built-in
variables threadldz, blockIdr and blockDim are used. The final pixel coordinate can be
calculated based on formula 4.3. While one single thread processes a single pixel, the kernel

processes the whole image.

4.3 CUDA Memory Model

In a CUDA application, host and device have their own memory spaces. In this regard
CUDA introduces its own memory model, which is illustrated in Figure 4.6. The host
side of an application can only access the global and texture portion of the GPU memory.
Therefore during program execution the host application must first allocate the needed
amount of memory in device space. Subsequently the data needs to be transferred from
host to device memory. Next the activation of one or more kernels takes place, which
processes the input data according to kernel functions. Finally the data needs to be copied
back from device to host memory space. To decide what parts of the memory model to
utilize during program execution it is necessary to have an understanding of the benefits
and drawbacks of the available memory types. Choosing the appropriate memory locations
can have a great impact on the performance of an application as there are big differences
in respect to access latency, the actual size of the address space as well as the scope of a
memory location. Physically the memory types are either located in the device memory

section or the cache memory section of the GPU. These are also sometimes referred to as
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Figure 4.6: Overview of CUDA’s memory model.

on-chip and off-chip memory sections respectively [DW10].

4.3.1 Off-Chip Memory
Global and Texture Memory

Global and texture memory can be accessed from the host side and represent the largest
memory types. The actual amount of available global memory depends on the VRAM and
is therefore different across graphic boards. However they are very slow in terms of access
latencies. Texture memory is part of the global memory, but might be cached depending on
the memory access pattern. It is read only for threads in a block, whereas global memory
offers arbitrary read and write access. Global and texture memory are physically located
in the device memory of the GPU and are therefore considered to be off-chip memories.
Variables that are to be stored in either global or texture memory must be declared at global
scope. That means the declaration takes place outside of the kernel functions at file scope
and the lifetime of these variables is therefore the lifetime of the application. All threads
that are spawned during program execution can access arbitrary global memory locations.
The keyword for declaring a variable in global memory is device. It is the responsibility of

the developer to manage the allocating and freeing of global memory resources.

Constant Memory

Constant memory is physically stored in off-chip device memory. However, accessing a
variable in constant memory is considerably faster than global memory. This is due to
the fact that the size of constant memory is limited to 64KB and it does not allow write

access from within kernel functions. Therefore read operations to constant memory can be
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cached as it is guaranteed that the values will not be changed during the execution of kernel
functions. All threads within a kernel will therefore see the exact same constant variables.
Even though constant variables can be changed in between kernel executions this does not
lead to an invalidation, because the variable will be ”‘locked”’ as soon as the next kernel
gets invoked. Constant variables must be declared at file scope using the constant keyword.
Since constant memory is physically placed in device memory, it can be accessed directly
by the host side. Just like global memory, constant memory has scope and lifetime of the

application.

Local Memory

If a thread tries to use more registers than are available the surplus variables may auto-
matically be relocated into the local memory that has the same high access latencies as
the global memory. Developers therefore should try to avoid such a case by distributing
register use more appropriately among the available resources. One big difference to other
types of memory is that a placement of data into the local memory can not directly be
influenced by using respective identifiers as is possible with other memory types. Variables
will be stored automatically in local memory if a thread consumes too much register space
or if array indices are not known at compile time. In these cases the compiler will choose
to place an array into the local memory address space. Just like register variables, local

memory variables have the scope and lifetime of the thread.

4.3.2 On-Chip Memory
Register

This is the default memory location where all variables are stored that are declared within
the scope of a kernel function. These include scalar, automatic and also array variables
as long as they are declared with constant indices so that the size of the array can be
determined at compile time. Data stored in registers is private to a single thread and can
not be accessed from an outer scope. Register variables are only alive as long as the thread
is executing. Registers are the fastest of the available memory types regarding its access
latencies. If a specific application demands storage of these variables in other memory
locations this can be defined by one of the respective identifier keywords. Registers are part

of the on-chip memory section and there is only a limited number of registers that can be
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used per block. This also means that registers can not be accessed directly from the host

side.

Intra Block Shared Memory

Shared memory has a very limited address space but allows very low latency access (100
times faster than global memory) [NVI10b]. This on-chip memory can be shared between
all threads inside one block and enables what is called intra-block communication. However,
threads from different blocks can not communicate. Accesses to shared memory can be as
fast as access to hardware registers and it is physically located in the cache memory. Shared
memory variables must be explicitly defined by the developer by using the keyword shared.
The actual amount of shared memory depends on how a developer has distributed the
available 64 KB among the shared memory and the L1 cache. Even though shared memory
variables are declared at the same scope as register and local variables, they have a scope
and lifetime of the block. Therefore contents of shared memory can still be accessed after
individual threads have finished execution. The effective use of shared memory can drasti-
cally increase application performance, as it offers much faster access times. Since blocks
generally only need to perform executions on a subset of the input data, a very common
technique is to load relevant subsets into the intra block shared memory. Calculations are
then performed only by accessing the shared memory. Subsequently the results are copied
back into the global memory. In this way global memory traffic can be decreased, which is
beneficial for the overall performance of an application. This is also very important in the
context of this thesis, since the algorithm for computing the occlusion makes heavy use of

shared memory.
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Accelerated Occlusion

Computation

In this chapter the new algorithm for computing occlusion is introduced. It was developed
to overcome the major bottleneck of the original version, which was the generation of the
occlusion. It was necessary to experiment quickly with different settings and parameters
and then compare the results in a preview environment. The new algorithm has two major
advantages. First it reduces the number of texture samples by building occlusion based on
differences between adjacent voxels. Secondly it is implemented in a parallel fashion and

executed on modern parallel processors such as GPUs.

5.1 Occlusion Computation from a Volumetric Dataset

5.1.1 Brute Force Sampling

The original pipeline used a brute force approach for the precomputation of the occlusion
information. To process a given voxel all its neighbors that are located within the sampling
area had to be accessed. Obviously this approach resulted in a huge number of texture
samples, but also in a huge number of calculations. In addition to taking samples from
the volume texture it is also necessary to sum up the neighboring intensities and multiply
the result with a weighting factor. Figure 5.1 illustrates the sampling area for one single
voxel with a sampling radius of 4. To calculate the occlusion for the green center voxel,

all surrounding voxels have to be sampled. The single intensity values are added to the
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Figure 5.1: Sampling area for a single voxel with radius 4.

occlusion of the target voxel with the weighting of 1/N where N is the total number of
samples taken. In this example, occlusion can be understood as a weighted local histogram
for a given voxel with a single bin.

This sampling pattern has to be performed per voxel. For a relatively small cubic volume
with dimensions of 5123 and a sampling radius of 25 the total number of texture samples

N needed for computing the occlusion can be calculated as,

4
N =~ a?’gm"?’ (5.1)
34 o3
N~ 512° 5725 (5.2)
N =~ 8.784.529.755.548 (5.3)

where a is the volume extent in one dimension and r is the radius of the sampling area.
Such a brute force approach is very slow especially with increasing sampling areas or volume

dimensions since it has a complexity of O(n?3).

5.1.2 Cached Occlusion Computation

The new algorithm is based on the observation that the sampling areas of two adjacent grid
points overlap and share many common voxels. That means if the sum for a specific voxel is
calculated, then a big part of the adjacent sum is already built. If this value can be cached
and reused for adjacent voxels, then the new sum can be determined by building only the
difference between two neighboring voxels. In this case only voxels need to be considered

that are located on the borders of the sampling area. To calculate the occlusion for the
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Figure 5.2: Adjacent occlusion can be calculated under consideration of border voxels.
Subtraction voxels are indicated in orange, addition voxels are indicated in green.

blue voxel in Figure 5.2, texture samples are only necessary for border voxels. The new
sum can be calculated by subtracting the orange and adding the green voxels. This figure
also illustrates that this approach scales very nicely with increasing sampling areas (middle
and left).

Sampling Mask Structure

For the sake of simplicity the current implementation does not use a circular/spherical
sampling area, but a rectangular one instead. However, spherical sampling areas can still
be simulated by applying a distance factor that reaches 0 once the distance between two
grid points exceeds a certain radius. Therefore the current sampling area is defined by two
border lines indicated in orange and green in Figure 5.3. By moving this sampling mask

through a volume, the occlusion value o(, , .) for one single voxel can be calculated as,

Oay.2) = Oa—1y2) T (addNSUbt), (5.4)

where N is the number of voxels inside the sampling mask and add and subt are the

summed intensities of the respective border lines. This example assumes that the sampling

mask is moved along the x-axis, however this is not mandatory. Depending on the volume
dimensions it may be beneficial to move the sampling mask along a different axis.

In order to further reduce the number of texture samples this algorithm is divided into

four phases. Each phase differs in the way texture samples are taken and also in the way

the resulting occlusion value is saved.
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Figure 5.3: Rectangular sampling mask defined by border voxels is pushed through the
volume.

Phase 1 — Build initial sum

In the beginning the sampling mask is positioned slightly outside the volume coordinates
(Figure 5.4, left). From this point on the mask is pushed into the volume and as long as
the position index of the sampling mask is outside of the volume (idz < 0) the resulting
occlusion value is only written into a separate occlusion cache. This is necessary because
once the sampling mask reaches the volume border (idz = 0) the occlusion sum for the very
left group of voxels is correctly initialized. For comparison if a starting index is chosen that
is located exactly on the border of the volume (idz = 0) it is necessary to explicitly sample
the initial occlusion sum in order to build differences in subsequent iterations. This would
be possible but would require a second sampling strategy that gets executed only once to
build the initial sum. By positioning the sampling mask outside the volume there is no need
to distinguish between different sampling patterns. It is only a matter of checking the index

to decide if the result is only to be cached or additionally saved into the results volume.

Figure 5.4: Phase 1 of sampling algorithm.

Phase 2 — Addition only

This phase starts as soon as the sampling index has reached the border of the volume
(Figure 5.5, left). From this point on the calculated occlusion value is not only written into

the cache for reuse in the next iteration, but also saved inside the final occlusion texture.
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It would have been possible to omit the cache and read the previous occlusion value from
the result volume, but this would mean one additional access to texture memory. As long
as the subtraction border is still outside the volume the occlusion value can be determined

by only sampling the addition border.

idx=0 idx =2
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Figure 5.5: Phase 2 of sampling algorithm.

Phase 3 — Addition and Subtraction

This is the phase that gets executed the most during occlusion computation. Both sampling
lines are inside the volume border. Thus texture samples need to be performed for addition

but also for subtraction voxel (Figure 5.6).

Figure 5.6: Phase 3 of sampling algorithm.

Phase 4 — Subtraction only

In the last phase (Figure 5.7) the addition border has left the volume and the remaining oc-
clusion values can be calculated by subtracting the orange voxels from the cached occlusion

value. Texture samples are only necessary for the subtraction border.

5.2 Parallel Implementation

The above technique was implemented in a parallel fashion using the CUDA programming

environment, which is a parallel computing architecture developed by NVIDIA. The relevant
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Figure 5.7: Phase 4 of sampling algorithm.

Figure 5.8: Extended sampling mask is defined by two border planes.
basics regarding CUDA programming were covered in chapter 4.

5.2.1 Application to Volumetric Data

As stated above, the sampling area is defined by two border lines; one samples the new
voxels that get added and the second samples those voxels that get subtracted from the
cached occlusion value. In order to use this concept for calculating occlusion for a three-
dimensional volume, it is necessary to extend the sampling mask as shown in Figure 5.8.
Instead of two border lines, the new extended sampling mask is defined by two border
planes. Both of these planes have the same dimensions as one slice through the volume.

In order to correctly calculate the initial occlusion that is needed for the start slice,
the sampling mask is positioned outside of the volume. Sampling is now performed by
moving the sampling mask through the volume and caching / saving the results according
to the above-described phases. The cache in this case is a two-dimensional array and can
be thought of as located in between the active planes. Each array element represents one
voxel.

Another observation that can be made by looking at Figure 5.8 is that during each
iteration there are two active slices. In the current parallel implementation each of these
slices is further subdivided into blocks. Each block consists of a two-dimensional group

containing a number of 322 threads. According to CUDA’s thread organization hierarchy
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Figure 5.9: One slice of the volume is further subdivided into blocks. Depending on the
slice dimensions blocks may partially be located outside the slice.

(Figure 4.5), this means that we create one grid per border plane.
For example, consider a slice with a size of 1000x500 voxels and a block size of 32x32
threads. Then the total number of blocks that is required in order to process all elements

of one slice can be written as,

VW vh

Niiocks = (% +1)* (E +1) (5.5)
1000 500
Nytocks = (@ +1) % (5 +1) =512 (5.6)

The total number of threads generated for one slice is thus,

Ninreads = Nplocks * bw * bh (57)

Ninreads = 512 % 32 % 32 = 524.288 (5.8)

In this example one thread per voxel is spawned. However it is worth noting that the
total number of threads may differ from the number of voxels of one slice. This is because
in all cases where the volume dimensions is not a multiple of the block dimension, there
will be an overlap at the borders to ensure that the whole slice area is covered by threads
(Figure 5.9, left). 524,288 threads per slice might seem very high at first sight, but CUDA
threads are very lightweight compared to CPU threads and require only a fraction of cycles
to setup and manage. Furthermore it is recommended to use a certain number of threads

in order to fully utilize the processing capabilities of the hardware (see chapter 4).
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Figure 5.10: Blocks only require a subset of the current slice.

5.2.2 Shared Memory Loading

It can be seen in (Figure 5.10) that each block only requires a certain part of the current
slice. All voxels that are not located within the yellow area are not relevant for the occlusion
computation of the yellow block. The area that contains the required voxel for one block

can be calculated as,

A= 2x%7r+w)?, (5.9)

where 7 is the radius of the sampling area and w is the width of the current block. It
can be seen that a lot of voxels from area A will be used multiple times during occlusion
computation for this block. The texture access patterns for neighboring voxels will be
almost identical except for the outermost samples. The total number of samples that are

needed for processing one block are,

N = Ax sv, (5.10)

where nv is the number of voxels inside the current block and sv is the number of

samples per voxel defined as,

sv=(2xr+1)% (5.11)
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Figure 5.11: Shared memory loading for one block. The sub-slice is divided into 16 parts
that are loaded by separate threads.

In order to reduce the number of accesses to texture memory, each block loads the
relevant sub-slice into its shared on-chip memory. Since the Fermi architecture contains
16 load store units per streaming multiprocessor (see chapter 4), each sub-slice is further
partitioned into 16 equally sized blocks that are loaded by separate threads. This means
that before occlusion computation is performed, 16 threads of a block transfer the voxels
from area A into the shared memory and apply the visibility function. All other threads in
the block are blocked until the transfer is completed. In this way all available load store
units are utilized, which is sometimes referred to as memory-level parallelism [BCK11].

At this point the visibility mapping can be applied directly as it will be the same for
all threads inside the current block. To sum up this means that each thread calculates
the occlusion for one voxel. This is done by reading the occlusion from the previous voxel
from the occlusion cache and applying the difference between the addition and subtraction
border. During the occlusion computation itself, there are no more samples taken from the
global texture memory, because all the relevant preclassified voxels are held within the low
latency on-chip memory. On completion each thread writes its result into the cache and

also the final occlusion volume texture.

5.2.3 Algorithm and Data Flow Overview

An overview of the flow of data during occlusion computation for a volumetric dataset is
given in Figure 5.12. In the beginning a transfer of the original intensity data from host to
device memory takes place. All subsequent steps are then executed in device space.

After the initial transfer the actual occlusion computation starts. As stated earlier one
grid is created per border plane. There are two borders during each iteration. The part of

the program that gets executed by each grid is the blue marked area in the above figure.
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Figure 5.12: Flow of data during occlusion computation.

At the beginning of grid execution all blocks use 16 loading threads to load the relevant sub
slice into its shared memory and apply the visibility function. In the subsequent occlusion
computation only the shared memory needs to be sampled, which is up to 100 times faster
in terms of access latencies [NVI10b]. Also the visibility function has already been applied
at this point, hence there are no redundant calculations. On completion the resulting
occlusion volume is transferred back into host space for further processing. The major
differences of this approach to the first version are the following. First and foremost a
reduction in complexity is achieved by only taking texture samples for voxels that are
located on the border of the sampling area, which leads to fewer texture samples and also
to fewer computations. Furthermore the new algorithm is now executed in a parallel fashion

utilizing very fast on-chip memory.



Chapter 6
Adaptive Mapping Selection

A Visibility mapping determines the amount of occlusion contribution for different intensity
values. It can be used to emphasize or hide certain intensity ranges and has a great influence
on the quality of the resulting histogram. Tests (see section 8.3) indicated that specific
mapping functions result in good contrast for some regions while others might require
different mappings to gain a similar contrast.

In order to select an optimal mapping automatically, an adaptive method was developed.
The current approach is based on local histograms that are generated in a preprocessing
step utilizing a slightly modified version of the existing parallel algorithm (see chapter 5).
Local histograms are saved in a simple database. The amount of data that has to be stored
separately is controlled by selecting appropriate bin sizes as well as limiting the process to
certain intensity ranges.

A temporary occlusion spectrum is generated for different combinations of histogram
and mapping functions. This is done in terms of a convolution between histogram and
mapping function and can be performed very quickly. The quality of a mapping is then
subsequently rated by analyzing the variance of means inside the spectrum. An overview of
the algorithm is shown in Figure 6.1. The three distinct steps for determining an optimal

mapping are the following:
1. Local histogram generation for a given intensity interval of interest
2. Combination of suitable mapping function with the local histograms

3. Evaluation of the quality of a mapping by analyzing the variance of means in the

resulting spectrum
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Figure 6.1: Steps performed for selecting an optimal mapping function for occlusion gener-
ation.

6.1 Local Histogram Generation

To calculate the occlusion value for a given voxel a certain neighborhood around its grid
point must be taken into consideration. The occlusion is determined by building the
weighted average of intensities of neighboring voxels. The weighted average is equivalent to
the centroid of the local histogram for a given voxel [CK09]. This local histogram encodes
the information of a local neighborhood of points in 3D space. In order to speed up the
execution, local histograms are generated and saved separately once for the whole dataset.
In subsequent steps the different visibility mappings are only applied to the histogram in
terms of a convolution and not by sampling and weighting the original volume texture any-
more. However, saving a histogram per voxel will require quite a lot of additional memory.
Consider a histogram with 256 bins, each of which is encoded with one byte. In this case

the additional amount of memory required is 256 bytes per voxel. Since volumetric datasets
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Figure 6.2: Volume data is stored in a sequential memory layout. Each image element is
encoded with 1, 2 or 4 byte depending on the data format.

already require a substantial amount of memory a multiplication of the data by a factor of
256 clearly is not an option. Two factors can be adjusted to overcome this. By choosing
a more appropriate bin size, the amount of additional memory can be reduced by a factor
of 256 /nbins. Secondly, local histograms are only generated for certain intensity intervals
of interest and not for the whole volume. Depending on the interval borders and the data

distribution of the dataset this might further reduce the amount of memory.

6.1.1 Sequential Histogram Generation

Since local histograms are sampled from a cubic neighborhood for a given voxel with spatial

coordinate x, ¥y, z and sampling radius of r the total number of taken samples is,

N=2x*r+1)>3 (6.1)

Volume data is stored in a linear memory layout as illustrated in Figure 6.2. The first
byte location of the relevant neighborhood within the linear memory layout can be found
by,

b= (hsrc * wsrc) * Zimin + (wsrc * ymzn) + xmzn) * NUMpytes (62)

where numypytes is the number of bytes per component depending on the data format,
hsre and wgy. are the original volumes height and width. The minimum extent point of the
sub volume can be determined by subtracting the vector (r,r,r) from the voxel’s spatial
coordinate. The maximum extent is found by adding (r,7,7) to its coordinate. The side

length of the sub volume is defined as,

lengy, = Matgy, — Mingy, (6.3)
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After reading the first len, number of bytes starting from b, which in this case represents
the first line of the sub volume, it is necessary to skip da number of bytes. After reading all
lines of the first sub-volume slice dy number of bytes need to be skipped. The next iteration
starts over with the next sub-slice. The number of bytes that have to be skipped in each

iteration are determined by,

dr = (were — leng) — 1, (6.4)

and,
dy = (hgre — leny) — 1 (6.5)

In this fashion all relevant voxels that are located inside the sampling range can be

addressed directly inside the linear memory, which increases loading speed.

6.1.2 Parallel Histogram Generation

Even though calculating the local histograms is performed only once, it is still a major
bottleneck in this algorithm. In its basic form, the algorithm for computing a histogram in
three dimensions has a complexity of O(n?) since the number of samples taken is directly
related to the extent of the sampling area in each of the three dimensions. To overcome
this the generation of local histograms was integrated into the parallel occlusion algorithm
that was introduced in chapter 5. The most important property of this algorithm was a
reduction of complexity from O(n?) to O(n?). This was achieved by reusing results from
one iteration and building the new occlusion by calculating the difference between adjacent
voxels. Texture samples are only necessary for voxels that are located on the borders of the
sampling area. This is possible because the neighborhood of two adjacent voxels will be
mostly equal besides the opposite borders of the sampling domain. The same observation is
also valid when it comes to the generation of local histograms, as the process of collecting
the histogram information is very similar. Neighboring voxels need to be sampled and their
value is then distributed among the bins for the local histogram. Local histograms between
adjacent voxels are therefore also equal besides the values that are located on the borders
of the sampling area. Instead of explicitly sampling the complete neighborhood for a given
voxel, a local histogram can be constructed by the histogram of the previous voxel and a

so-called difference histogram.
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Figure 6.3: Local histogram can be generated as difference histogram.

To achieve a meaningful comparison the generation of local histograms has been im-
plemented in three different ways. The first is a basic CPU version that builds the local
histogram using the brute-force strategy. The same approach has also been implemented
for execution on the GPU using CUDA. The third version is integrated into the new tiled
parallel algorithm.

6.2 Mapping of Visibility Functions

The visibility function (or visibility mapping) determines the amount of occlusion contri-
bution for different intensity values. They can be used to highlight or hide certain intensity
ranges and thus have a great impact on the quality of the resulting occlusion crossplot.

In order to accelerate the proces of applying visibility mappings to a volume data set the
process is split into multiple steps. After the local histograms have been generated, visibility
mappings can be applied in terms of a convolution between histogram and mapping function.
This means that the visibility function is not applied when building the neighborhood of a
voxel, but instead at a later stage. This effectively increases execution times, because the
sampling step with complexity O(n?) has to be performed only once. The complexity of
performing the convolution between histogram and visibility mapping is much lower as it

is only performed in a two-dimensional space.

6.2.1 Mapping Groups

Correa already suggests a couple of different mapping functions in his paper [CK09]. How-
ever in this context seismic data is being dealt with and therefore additional mapping

groups have been included into the new algorithm. Since seismic data is generally normally
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Figure 6.4: Two examples of mapping groups. On the left side the intersection points cl
— ¢8 are diversified, the upper intersection points sl is constant. On the right in addition
to the intersection points ¢l — c7 also the upper intersection points s1 — s7 are diversified,
leading to much steeper lines around the middle peak.

distributed, it is necessary to apply a mapping that accounts for this symmetrical data dis-
tribution. In addition to the linear and truncated ramp functions from the original paper
we integrated seismic ramps. Seismic ramps are symmetrical visibility functions. For each

group of seismic ramps a set of variants is defined as can be seen in Figure 6.4.

6.3 Determination of Optimal Mapping

Within the next step, a temporary occlusion spectrum is generated for each of the predefined
mapping functions using the pre-calculated local histograms. This is done in terms of a
convolution between the histogram and the mapping function and can be performed very
quickly. A clustering of the resulting occlusion spectrum is performed afterwards. The
quality of a mapping is then subsequently rated by analyzing the variance of means of the

specific cluster centers.

6.3.1 k-Means Clustering

Clustering is done based on an implementation of the k-means algorithm, which easily
finds the cluster center of a given set of similar points. It works by defining an initial
number k of cluster centers which are distributed randomly among the set of input points.
Subsequently each point is assigned to the cluster whose center is nearest to the point.
Generally this can be done using any kind of distance function but in this case a simple
geometric distance is used. After all points have been assigned the center points of the
clusters are updated. Afterwards all points are again assigned to the clusters but this time

based on the updated cluster centers. This process of point assignment and center update
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is repeated until a maximum number of iterations has been reached or the cluster center do

not change anymore.

6.3.2 Variance Analysis

The quality of a visibility mapping is rated based on the variance of the centers after the
clustering has been performed. As was described in section 1.2 a good occlusion spectrum
is vertically expanded and therefore contains a high dynamic range of occlusion values.
In contrast, a very flat occlusion spectrum does not offer a reasonable range of occlusion
values and approaches a one-dimensional classification space. Therefore a good occlusion
spectrum consists of multiple clusters that are spread all over the available range because this
maximizes the likelihood of structure separation [CK09]. Thus a mapping that maximizes
the variance of the cluster centers can be rated as good, whereas mappings that result in
less variance can be considered as bad. For each available mapping function a temporary
occlusion spectrum is generated. After the spectrum has been clustered, the variance of the
centers is calculated. The mapping that results in the overall maximum variance of means

is then choosen.



Chapter 7
Occlusion Editor Application

Evaluating a classification technique for volume datasets requires interactive tools, that let
the user experiment with all different parameters. Besides the tools that are custom made
for the occlusion it is crucial to offer basic tools in order to enable a direct comparison.
For control purposes it is essential to offer well-known features such as opacity mapping
or volume cutting planes. Cutting planes are especially important as they are used to
represent survey lines, which are an integral tool and their importance in the context of
seismic volume exploration can not be overemphasized [KMJT06]. Furthermore, image
statistics must also be provided in the form of amplitude histograms. These histograms
serve as visual reference when applying transparency to distinct intensity ranges or when
defining a visibility function for occlusion generation. This chapter introduces the editor
application that has been developed to support the evaluation process of occlusion-based

classification of seismic datasets.

7.1 System Overview

The editor application is written in standard ANSI C++. The preview rendering is based
on the OpenSceneGraph APIL. It is used for transferring data to GPU memory and for es-
tablishing the required OpenGL context. The GUI portion of it is based on the wxWidgets
Toolkit. The current version is implemented for Windows only, but there are no serious
reasons why the application could not be ported to other platforms. However this includes
only operating systems. Because the parallel algorithm is implemented in CUDA, the ap-

plication requires Nvidia hardware, because CUDA is not vendor-independent. To allow for
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the editor to be run on non-Nvidia hardware, the project is split into two libraries. The
editor itself is independent of the CUDA requirements and can thus be used on other hard-
ware and operating systems. The CUDA implementation that is maintained as a separate
project however must be executed on Nvidia devices. In such a scenario a connection could

be established via a webservice for example.

User Interface

Within the editor all relevant functions are integrated into one interface. This includes
all data handling functions such as volume import and export, interactive definition of
mapping functions, occlusion generation based on the parallel CUDA implementation as
well as preview rendering. The renderer features a volume raycaster that is implemented
in GLSL and contains local illumination based on a central differences scheme and opacity
mapping. In order to allow for a better evaluation of the results, the renderer also offers
interactive features such as cutting planes, volumetric clipping as well as a transfer function

editor.

7.2 Volume Processing

Data Formats for Volumetric Seismic Data

Seismic data can be stored as a regular binary volumetric dataset. Therefore it was crucial
to support the importing of binary RAW streams. Besides the binary raw data another
very common exchange format for seismic data is SEG-Y [MWNO1]. Work flows are very
important when it comes to seismic interpretation and thus support for SEG-Y was in-
tegrated since most of the big seismic interpretation software packages offer import and
export of this format. However only import of seismic data is not enough. Additionally
the application must support the export of volumetric datasets. Export functionality is
essential to evaluate the results in more sophisticated seismic interpretation packages. This
opens up new possibilities for further analyzing seismic occlusion by comparing the results
with other seismic attributes (see section 2.3.3). As a consequence the application that was
developed as part of this thesis supports importing and exporting of either RAW or SEG-Y

formatted data.
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Figure 7.1: Interface of the occlusion editor application.
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RAW Datasets

Seismic data that is formatted as RAW is stored in a linear address system on disc, which
is illustrated in Figure 6.2. One common problem in the field of seismic volume rendering
is the data size, which very often exceeds the size of available video memory. Of course
this can be overcome by implementing an out-of-core data management, but this was not
the focus of this work. Therefore another approach has been implemented which is referred
to as subvolume extraction. If the original dataset is too large to fit into video memory,
the user can define arbitrary subvolumes during the loading stage. This is currently only
supported for RAW formatted data, however there exists a workaround that also allows sub-
volume extraction for SEG-Y files. RAW formatted volumes are expected to be stored in a
sequential memory layout. This is required to efficiently calculate the byte positions of the
subvolume while loading. Byte positions of subvolumes are calculated in a similar fashion
as the local histograms during the adaptive mapping process (see section 6.1.1). This is
because a local histogram can be considered as a subvolume from the whole dataset, which
is spatially defined by the coordinate of the center voxel and the radius of the sampling

area.

SEG-Y Datasets

The SEG-Y format is a standard binary format for storing seismic data. A typical SEG-Y
file has the following structure. The first 3200 bytes are reserved for a human readable
textual header. This header contains general information on the datasets, such as survey
name, date of data acquisition and so on. After that there follows a 400 byte binary record.
These two sections together form the main header section of the dataset. These header may
be followed by optional textual file headers. The rest of the dataset contains the actual
volume data. These are encoded as seismic traces (see chapter 2), each of which is preceded
by a separate 240 binary header. An overview of a typical SEG-Y file is shown in Figure 7.2.
The standard for SEG-Y allows the data to be formatted in a variety of ways. The demo
application however supports only 16-bit SEG-Y data, which can be exported from any

common seismic interpretation software.
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Figure 7.2: File layout of a SEG-Y file [MWNO1].

7.3 Occlusion Generation

Occlusion is calculated in a parallel fashion using the algorithm that has been discussed in
chapter 5. This algorithm is integrated into the editor application and occlusion processing
can therefore be performed without switching the application context. This simplifies the
work flow and is more user friendly than splitting occlusion generation and preview of the
results into separate tools. Generating occlusion inside the application requires certain steps.
First a dataset has to be loaded. Secondly the user needs to define a visibility mapping
that serves as an additional transfer function to map intensity values to occlusion values.
This step can be performed using the custom visibility function editor. To aid the process
of defining a suitable visibility mapping it is crucial to directly see the relationship between
mapping and the current dataset. Therefore a tool was developed that lets the user directly
paint the visibility mapping over the amplitude histogram of a given dataset (Figure 7.3).
After a dataset has been processed the results can be analyzed by directly rendering the
occlusion volume. However, detailed information on the quality of the resulting spectrum
can only be gained by looking at the crossplot between original signal amplitudes and the
respective occlusion. This two-dimensional histogram is the actual occlusion spectrum. It
is displayed in a separate dialog window that enables the user to interactively show or hide

regions from the crossplot (Figure 7.3).

7.4 Preview Rendering

The preview section of the editor application is based on a volume ray casting with a front-
to-back traversal order. It features local illumination with on-the-fly gradient estimation
based on a central difference scheme (see section 3.2.3), iso-surface rendering and early ray
termination. It has a custom transfer function editor for selecting different color tables as
well as interactive editing of the opacity function (Figure 7.3). To concentrate the view

to a specific part of the volume, binary clipping is integrated that completely removes
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Figure 7.3: Custom widgets. Visibility function editor (top left), color table editor (bottom
left) and two-dimensional transfer function editor (right).
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Figure 7.4: Selection polygons define visible regions of the spectrum.

certain parts of the volume from the rendering. In addition to the actual volume rendering,
cutting planes are available that represent two-dimensional cross sections through a volume.
The spatial orientation of these slices can be either as inline, crossline or timeline (axial,
coronal, sagittal). Furthermore, arbitrary regions can be selected inside two-dimensional

transfer functions by manually placing and controlling selection polygons.

Selection Polygons

In order to hide certain parts of the occlusion spectrum during rendering, it was necessary
to develop tools which let the user interactively select regions of interest. The area that is
visible in relation to the selection inside the crossplot is defined by selection polygons. To
determine if a particular voxel is to be rendered a point in polygon intersection test needs
to be performed, that is based on the following algorithm.

A point that is cast along a ray will possibly intersect a given polygon. Depending on
the direction of the ray and the shape and position of the polygon there may be zero or
multiple intersections between ray and polygon. Each intersection will either mean that
the ray enters or exits the area of the polygon (Figure 7.5). An odd number of intersection
means that the ray is inside the polygon and an even number means that it is outside of
the polygon. This technique can be used to effectively decide if the user has clicked inside a
selection polygon. This intersection test is actually used twice within the application. First
it is used to determine whether the user has clicked and thus selected the inner area of a
selection polygon. Secondly it is used inside the shader. Since the shader only knows the
intensity values from either the original volume texture and the occlusion it must further
determine if a given voxel is located within a selected area as defined by the selection

polygons.
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Figure 7.5: Intersection of rays with arbitrary polygons.

Volume Raycasting

The raycasting is implemented in GLSL. Most of the instructions are processed by the
fragment shader. The vertex shader is only used for calculating the camera position in
world space and propagating vertex positions to the fragment shader. The camera position
can be determined simply by inverting the model view matrix and multiplying it with the
vector v(0,0,0,1). Based on the camera and vertex position, rays can be calculated for each
single fragment. The ray direction is the normalized difference between vertex position and
camera position. Rays are cast into the volume and sampled at regular intervals. For
performance reasons the original seismic volume and the generated occlusion volume are
packed into a single file. Seismic amplitudes are stored in the luminance channel and the
occlusion is stored in the alpha channel. Therefore during ray traversal only one sample
needs to be taken from texture memory which contains the intensity and occlusion in the

first two channels. These values represent the two axes of the occlusion spectrum.

Visibility Test

In a next step it must be determined whether or not a given combination of intensity and
occlusion is visible or invisible according to the user-defined selection polygons. Therefore
the two sample values are queried against a list of polygons that make up the user-selected
regions. This is the same algorithm that is also used to decide if a user has clicked inside
a selection polygon (Figure 7.4). A given combination of intensity and occlusion is only
visible if it is located inside one of the selection polygons.

If the current sample passes the visibility test it is further classified by querying the
transfer function. If local illumination is activated, then the gradient for the current position
is estimated by a central differences scheme and used as normal replacement in a standard
Phong illumination model. The resulting color is then blended into the color buffer. Ray

traversal continues with the next iteration until the color buffer has accumulated to full
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opacity or until the ray exits the volume.

Inverse Workflow

In order to better establish a relationship between occlusion and seismic regions inside the
volume it was necessary to develop an inverse selection technique. The user can click a
voxel inside the volume and see the relevant parts highlighted inside the spectrum. This
enables a bidirectional relationship between the original volume dataset and the resulting
occlusion. This tool is also processed at runtime and can thus be used interactively, which

is crucial for evaluating the usefulness of this approach.

Empty Space Skipping

Depending on the transfer function and the selected region inside the occlusion spectrum
the amount of data, that is visible of a volume, may be low. In this case the renderer has to
perform a lot of work by only skipping voxels that are completely transparent. Furthermore
all rays have to pass through the whole volume and will never accumulate to full opacity.
Early ray termination has no effect in this situation. Empty space skipping (ESP) is an
effective solution to this problem. It delivers information to the renderer that can be used
to skip regions of the volume that do not contain meaningful data and thus accelerates the
rendering. Studies have shown that typically only a fraction of the actual volume is visible
[KMJT06].

Datastructures for ESP

In order to perform ESP an additional data structure must be introduced, that subdivides
the volume into discrete bricks and encodes the minimal and the maximal occurring ampli-
tude within that block. Different data structures can be used for this purpose; one of them
is an octree. In this very context such a data structure is called min/mazx octree, since each
cell contains in addition to the spatial resolution and position also statistical information
on the intensity values inside each cell.

The octree is generated recursively. The volume is split into eight equally sized child
cells. Subsequently the minimal and maximal intensity values inside each cell are determined
by sampling all voxels in the cells. If these values are beyond a certain threshold, the cell is

again subdivided into eight blocks, as long as a maximal tree depth is reached, or if a given
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Figure 7.6: Empty space skipping in occlusion editor application. Sampling distance can be
adjusted based on min/max octree to skip empty regions in the volume that do not contain
any meaningful data.

cell does not pass the threshold test.

During rendering this data structure can be queried and the sampling distance inside
the ray traversal loop can be adjusted adaptively. When a ray enters a cell, it can query
the data structure for the min/max values of that cell. If these values are visible according
to the transfer function, the sampling of the ray is continued regularly. However when the
values are not visible, the position of the box does not need to be sampled. Thus it can
be skipped and the position of the ray can be advanced up to the exit intersection point of
the current box. Based on this exit point, the next cell can be determined which is again
checked for its min/max values. This process is continued until the ray reaches the end of

the volume or the ray accumulates to full opacity.

Calculation of Entry and Exit Points

The calculation of entry and exit points is done using a slab-based approach. A slab is
defined as the space in between two parallel planes [TK86]. Since a box can be constructed
from six parallel planes, its inner space is made up of three slabs. The intersection of a ray
and a box can be described as the intersection of a ray with a set of slabs. Based on the
origin and the direction of the ray, intersections with a box are calculated per slab. The
concept is illustrated in Figure 7.7. Slabs are tested pairwise for an intersection with a ray.
Starting at the origin of the ray, the first and the last intersection points between the ray

and two slabs are calculated. Near and far intersection points are stored and the next pair
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Figure 7.7: Raybox intersections are calculated based on slabs [TK86].

of slabs is tested. The ray misses the box if after all tests the largest hit point with the near
slab is greater than the smallest hit point with the far slab. Otherwise the ray intersects
the box.

ESP based on a min/max octree requires a recomputation of the octree after each change
of the transfer function; therefore it is appropriate to only allow relatively shallow trees.
In our tests we experimented with maximal tree depths of 5-6, which could be calculated
quickly without disturbing the interactivity of the application too much. Implementing this
feature is currently ongoing. It is mostly complete but was not integrated into the existing

editor application. This is something that needs to be completed in a future version.



Chapter 8

Evaluation

In this chapter the current results of applying the occlusion spectrum to seismic datasets
will be discussed. These include artificially generated datasets as well as sections from real-
world data sets. Another new approach of this work is the use of different seismic attributes
than the original amplitudes for calculating occlusion. The current results of this will be
described in this chapter. Furthermore the new sampling algorithm will be analyzed with

respect to its execution speed and different implementation will be compared to each other.

8.1 Classification Results

In order to evaluate the concept of occlusion-based classification several different datasets
have been used as classification targets. These include artificial datasets as well as examples
from real-word surveys that have been provided by the VRGeo members. Data in a seismic
dataset is normally distributed with a high proportion of noise. To achieve realistic test
scenarios, datasets were generated that consisted of Gaussian noise with different embedded
structures. The structures themselves were either completely solid, gradient-based or con-
sisted also of noise. The intensity ranges for the embedded structures were positioned close
to the middle peak. This was done because structures that are based on velocity anoma-
lies are generally easy to classify by an opacity mapping. Amplitudes around the middle
peak, which are usually caused by noise, can thus be removed by setting them completely

transparent so only the remaining minimum and maximum amplitudes are displayed.
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8.1.1 Occlusion Based on Seismic Amplitudes
Channel Systems as Classification Target

There are several subsurface structures that are of interest in the context of hydrocarbon
exploration. Besides the stratigraphic features such as faults and unconformities (see chap-
ter 2), one integral part in the exploration for oil and gas is channel detection. Channels
can sometimes be difficult to identify because of structural complexity in their neighbor-
hood. However they have certain unique characteristics that distinguish them from other
geological features. First and foremost channels are elongated structures. In geological
terms channels are therefore known as meanders, which refers to their sinuous shape that
all subsurface channels have in common [MCO08]. However the most common geological

features in seismic data are planar and laterally extended so they are different in shape.

Artificial Example

A first classification result is shown in Figure 8.1. The dataset shown consists of an artificial
channel arm that is embedded into Gaussian background noise. The shape of the channel
system is based on a sinus function and aims at copying the meandering shape of real-
world channel systems. The mapping that is used in this example was determined by our
adaptive selection method (Chapter 6). The channel can be seen as a distinct peak inside
the spectrum. The image series in Figure 8.1 demonstrates the difference between one-
dimensional opacity-based classification and two-dimensional occlusion-based classification.
The effect of an opacity mapping can be achieved using the occlusion spectrum by defining
a selection area that spans over the whole range of available occlusion values for a given
intensity range. This gives the exact same result as an opacity mapping that renders all
voxels transparent, that are located outside of the given intensity range. Even though the
general shape of the channel can be seen in the first image, there is still very much noise
present that shares the same intensity values as the channel. By moving the selection
polygon upwards more and more noise is canceled, since only the structure itself generates
high occlusion values. By finally selecting only the most upper occlusion values, which make
up the distinct peak of the channel, most of the noise is canceled and the structure becomes
visible clearly. It must be noted that all of the images are done within the same intensity

range, whereas the amount of the occlusion range was reduced stepwise.
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Figure 8.1: The channel shows as a distinct peak inside the spectrum. By selecting only
high occlusion values, more and more noise can be removed from the visualization.
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Figure 8.2: Seismic timeslice. Plain signal amplitude (left), rendered with a basic color
table (middle) and rendered as slice through the occlusion volume (right).

Real-World Example

The next tests are done based on original seismic amplitudes as this is the form that all
seismic datasets are available in. If not stated otherwise, all remaining screenshots of seis-
mic datasets are taken from the Parihaka 3D survey that was recorded in New Zealand.
Figure 8.2 shows a timeslice through a channel system. The display of the plain signal am-
plitudes can be enhanced by applying a color table. However it is still difficult to recognize
the shape of the channel arm. On the very right side the same section of the dataset is
rendered but this time the slice is not taken from the original seismic volume, but from the
precomputed occlusion volume instead. In this view the path of the channel can be seen
more clearly. However it must be noted that the occlusion will always be a bit blurry, which
is due to the averaging that is performed and finer details will get lost. This result indicates
that seismic occlusion is probably more suitable for detecting large-scale structures than
small and more subtle features.

Another clear example of a subsurface channel system can be seen in Figure 8.3, which
is taken from the Parihaka survey. The image shows a series of timeslices. The channel can
be seen directly by looking at the original amplitudes, however local contrast is bad and its
exact shape and path are unclear. Figure 8.4 shows the exact same series of timeslices, but
this time not taken from the seismic volume, but from the occlusion volume instead. By
choosing an appropriate visibility function, contrast between channel and other surrounding
features can be enhanced leading, to a much clearer visualization.

In addition to the slice-based visualization, the same region of this dataset was also

rendered volumetrically in terms of occlusion, which is shown in TODO. In this test again
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Figure 8.3: Series of time slices through the Parihaka dataset showing evidence of a mean-
dering channel system. Only plain seismic amplitudes are displayed.

occlusion was generated based on a visibility mapping. This example serves as a good
example to show the difference between regular opacity mapping and occlusion-based clas-
sification. By selecting the whole range as seen in the left picture, the results of an opacity
mapping can be simulated. The path and shape of the channel can not be seen. By selecting
only regions with higher occlusion values some of the surrounding noise can be removed and

the channel becomes visibly clearer.

8.1.2 Occlusion Based on Seismic Sweetness

Channel detection is frequently done by using seismic sweetness (see chapter 2), which is a
complex attribute that combines reflection strength and instantaneous frequency. Since the
original paper only describes occlusion based on signal strength it was investigated if others
seismic attributes might also be good candidates for calculating occlusion. It was suggested
by one of the VRGeo members to use seismic sweetness. Therefore a direct comparison was
performed. In this case the renderings were done in OpendTect since implementing support
for different seismic attributes within the editor application would have been beyond the
scope of this thesis. The data for this test was therefore generated as follows. First the

desired subslice was extracted from the main survey and stored as a separate volume. The
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Figure 8.4: Same area as shown in Figure 8.3. This time rendered in terms of occlusion.

volume was imported into the demo application and occlusion was generated as described
earlier. Since the application supports exporting into the SEG-Y format, the results could be
integrated into OpendTect. Occlusion and sweetness could then be directly compared. The
results of this first test are shown in Figure 8.5. On the left side is the regular occlusion
(left bottom) based on original amplitudes (left top), whereas on the right side there is
occlusion, which in this case is based on seismic sweetness (right top). At first sight both

results look very similar and the result was therefore rated as inconclusive.

Direct Comparison of Occlusion and Sweetness

In order to better understand how this result originated, another test was performed. This
time regular occlusion was directly compared to seismic sweetness. The results of this second
test are shown in Figure 8.6. The two timeslices again look extremely similar, which leads
to the question how these two attributes are related to each other. One notable similarity is
the fact that both negative as well as positive amplitudes are displayed similarly. And this
is due to the fact that seismic sweetness is based on the so-called energy envelope, which is
defined as,

a(t) = Va?(t) +y*(b), (8.1)
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Figure 8.5: Original seismic amplitudes (top left), occlusion based on seismic amplitudes
(bottom left), seismic sweetness (top right) and occlusion based on seismic sweetness (bot-
tom right).
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Figure 8.6: Direct comparison between seismic occlusion (left) and seismic sweetness (right).

where = and y are the real and imaginary part of the complex seismic trace respectively.
This term will always be positive and by looking at the helix of the complex seismic trace it
becomes obvious that negative and positive amplitudes are treated equally. This explains
the optical appearance of the right screen shot in Figure 8.6. In a similar fashion a symmetric
visibility mapping also combines positive and negative amplitudes, and generated occlusion
values will therefore also always be positive. At this point it must be noted that this is
only true for symmetrical mapping functions; the results of linear mappings for example
will differ.

Even though these two attributes have very similar optical characteristics, there are
differences. First of all the overall picture of seismic sweetness will be more sharp and contain
more subtle details, because sweetness is an instantaneous attribute, that is calculated on
a single voxel basis whereas occlusion is a spatial attribute that takes adjacent voxels into
consideration. This leads to the blurry appearance of the occlusion. But this averaging also

leads to a reduction in noise due to the averaging that is performed (Figure 8.7).
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Figure 8.7: Sweetness (left) is more detailed, whereas occlusion (right) seems a bit blurry.
However occlusion is less noisy due to averaging that is performed during generation.

8.2 Performance of Sampling Algorithm

One integral part of this work is a novel algorithm for precomputing occlusion and the
modified version for generating local histograms. In its basic form occlusion generation
has a complexity of O(n3). Since it was necessary to quickly experiment with different
parameters, a new approach was needed. Execution times of the very first algorithm could
easily reach multiple minutes or even hours and this was unacceptable. The new algorithm
only considers border voxels and therefore builds occlusion as a difference between the
neighborhood of adjacent voxels; the complexity could be reduced effectively to O(n?). Both
algorithms have been implemented in a sequential and a parallel version which are executed
on the CPU and the GPU respectively. In order to get a reasonable comparison between
brute-force and border-based occlusion both versions have been additionally implemented
for execution on the GPU.

In this section the original algorithm will be compared to the new one. One subject of
this comparison is of course the difference in execution speed between the different versions.
In addition to that a comparison will be done regarding the number of texture samples that
are necessary for building the average of the neighborhood. In order to perform different
tests, a couple of artificial datasets have been generated. These are cubic volume datasets,
that are filled with a constant intensity. There are five different datasets with dimensions

stretching from 50% up to 2503.
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’ Size \ Radius \ CPU / BF \ CPU / Cached \ Samples / BF \ Samples / Cached ‘

50 2 0,0250886 0,0476705 3726352 3803184

50 4 0,0848835 0,0617294 13713408 42909696
50 6 0,233118 0,0909095 28310544 151095600
50 8 0,478245 0,123935 46044160 352644096
50 10 0,832277 0,174792 65610000 663390000

Table 8.1: Comparison between brute-force and cached sampling implementation. Given
volume dimension was 503.

’ Size \ Radius \ CPU / BF \ CPU / Cached \ Samples / BF \ Samples / Cached ‘

250 2 3,22055 9,59155 988047936 493031952

250 4 11,6239 7,80657 7809531904 1940574208
250 6 32,2356 10,9487 26039617344 4296009744
250 8 71,4034 15,8192 60976889856 7513666560
250 10 135,211 23,5962 1,17649E+11 11548810000

Table 8.2: Comparison between brute-force and cached sampling implementation. Given
volume dimension was 2503.

8.2.1 Brute Force vs. Cached

The first comparison has been made between two sequential implementations of the original
brute-force algorithm and the cached sampling algorithm. Subject of comparison are the
execution speed and the number of samples that are taken from the original volume texture.
As an example two results from a first test run are shown in Table 8.1 and Table 8.2. The
remaining measurements can be found in Figure 8.11.

It can be seen that the execution times as well as the number of samples for the brute-
force (CPU / BF) implementation grow in a cubic way. This was expected as the complexity
of this approach is O(n?®). Compared to that the cached (CPU / Cached) version shows
quadratic behavior in respect to execution times and number of samples. This is due to
the reduction in complexity of this approach. Using the brute-force algorithm, the radius
directly affects the sampling area in three dimension, however the new cached version is
only affected in two dimensions. An increasing radius will only lead to a growth of the two
border planes.

In Figure 8.8 the results from Table 8.1 and Table 8.2 are plotted in terms of execution
time in milliseconds against radius. Even though the difference in execution time can be

considered minor with small volume dimensions (around 0.65 ms), it becomes more obvious
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Figure 8.8: Execution times of brute-force and cached CPU implementation.

Figure 8.9: Execution times of brute-force and cached GPU implementation.

with increasing dimensions (around 111.61 ms).

The second comparison has been made between the GPU implementations of both
approaches. The results are shown in Table 8.3 and Table 8.4. Overall the results are
similar to the first test. However overall execution times are lower compared to the CPU
implementations. This is probably due to the difference in memory bandwidth which, is
higher on the GPU. A direct comparison between both CPU-based and both GPU-based
implementations is shown in Figure 8.10. It can be seen that the GPU-based brute-force
algorithm is actually slower than the CPU version as long as the radius of the volume is
small. In such cases a basic implementation will be faster on the CPU. The reason for this is
that even though the radius of the sampling area is relatively small, the whole volume needs

to be transferred to the GPU memory. After the volume has been sampled, the data needs

Figure 8.10: Comparison of execution times between CPU and GPU implementation.
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’ Size \ Radius \ GPU / BF \ GPU / Cached \ Samples / BF \ Samples / Cached ‘

50 2 0,0229893 0,0612501 7530 3726
50 4 0,0930714 0,0719725 56623 13713
50 6 0,261664 0,0855891 179406 28311
50 8 0,564266 0,0992657 398688 46044
50 10 1,04653 0,118405 729000 65610
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Table 8.3: Comparison between brute force and cached implementation with volume di-
mensions of 503.

’ Size \ Radius \ GPU / BF \ GPU / Cached \ Samples / BF \ Samples / Cached ‘

250 2 1,39897 4,33778 988048 493032

250 4 7,01544 4,9874 7809532 1940574
250 6 20,1676 9,73685 26039617 4296010
250 8 44,0452 6,60868 60976890 7513667
250 10 81,9949 7,59041 117649000 11548810

Table 8.4: Comparison between brute force and cached implementation with volume di-
mensions of 503.

to be transferred back to the host system. This overhead however is minor in relation to
the number of samples that are taken from the volume texture with increasing dimensions.
At volume dimensions of 250% the GPU-based brute-force version needs around 81.9 ms
to execute whereas the CPU-based version needs 135.2 ms. This makes the GPU version
around 1.65 times faster. This factor is very likely to increase further with bigger volume
dimensions as can be suspected from the path of the two figures. The difference between
the two cached versions is even bigger with around 23.5 ms for the CPU and 7.5 ms for the
GPU version. In this case the GPU version is around 3.1 times faster.

Processing a volume with dimensions 250% and radius 10 takes around 135 ms on the
CPU in a brute-force way. The same volume can be processed with the cached GPU
version in around 7.5 ms. Therefore the cached GPU version is around 17.8 times faster
than the brute-force CPU version. This difference is however very likely to further grow

with increasing sampling areas.
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8.2.2 Reduction of Texture Memory Access

The total number of texture samples needed for calculating the occlusion volume for a cubic

dataset can be written as:

Nsamples = Nblocks * Sblocks * Niterations * 2 (82>

where npocks is the number of blocks generated with vw being the width of one slice

and bw being the width of one single block defined as:

vw
Nblocks = (% +1)? (8.3)

and Spjocks as the number of samples taken per block:

Sblocks = (2 *7r 4+ b’LU)2 (84)

and the number of iterations:

Niterations = Vd +1 + 1 (85)

Applied to the former example it can be seen that this new approach only requires a
fraction of the texture samples compared to the brute-force technique. Volume dimensions

were 5123 with a sampling radius of 25 and a block size of 322.

vw

N:(%+1)2*(2*r+bw)2*(vd+r+1)*2 (8.6)
:(%H)?*(2*25+32)2*(512+25+1)*2 (8.7)
N = (17)% % (82)% % (538) * 2 (8.8)

Noamples = 2.090.921.936 (8.9)
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Figure 8.12: A mapping function that separates the structure on the left fails to separate
the other structure [CKO09].

8.3 Adaptive Mapping Selection

The visibility function defines how certain intensity ranges will be represented in the oc-
clusion spectrum. Such a mapping function is generally implemented as a look-up table
and can be understood as a separate transfer function. For each intensity value the map-
ping delivers exactly one occlusion value. Since this mapping function has a great impact
on the appearance of the resulting spectrum it is necessary to compare different functions
and compare the results regarding the contrast they deliver in the crossplot. Early tests
indicated that different mapping functions highlight certain geological features better than
others.

Consider the artificial datasets in Figure 8.12. Similar to the dataset shown in the begin-
ning it consists of two nested structures, two spheres each of which surrounded by a cube.
The structures differ in their intensity values and therefore one mapping that successfully
leads to a separation of one structure in the occlusion spectrum fails to separate the other.
Another mapping that separates the other structure leads to a bad visualization of the first
structure. Hence it would be useful to be able to apply a mapping adaptively depending
on the resulting contrast. A metric is needed in order to rate the quality of a mapping
function. Since the goal of occlusion-based classification is a separation of structures inside
the spectrum this metric should be derived from the crossplot itself. Firstly it must be
defined what makes a good spectrum. A separation of structures is more likely to occur
when the shape of the crossplot is vertically expanded, since a flat spectrum would be more

and more like the original dataset.
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Figure 8.13: Certain mapping functions result in good contrast for some regions while others
might require different mappings to gain a similar contrast.

Figure 8.13 shows the effect of different mapping functions applied to the channel system
from the Parihaka survey. The upper arm of the channel is best visible using the third
mapping function whereas the lower arm of the channel is best visible using the fifth.
However contrast for the upper arm is bad and its shape can not be recognized clearly
anymore. Therefore different mapping functions, which lead to the highest local contrast,

must be used for different parts of the data.
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Conclusions and Future Work

The main focus of this work was to investigate if and how the occlusion spectrum, which
is a classification technique from the medical domain, can be applied to volumetric data
from the geoscientific domain. More precisely, it was investigated if it can be used for
classification of volumetric seismic data, which is an integral part of modern hydrocarbon
exploration.

In this regard it is necessary to have a basic understanding of the geological features
and geophysical techniques that are used to acquire seismic datasets. These concepts were
introduced in the beginning of the thesis. Afterwards the basic concepts of volume ren-
dering were explained followed by a description of the volume rendering pipeline. Since
the application further makes heavy use of Nvidias CUDA architecture for computing the

occlusion, an introduction to GPU computing was provided.

The major bottleneck of the original version was the sampling algorithm for the gener-
ation of the occlusion information. It was done in a brute-force way and took depending
on the parameters and the dimensions of the volume multiple hours to complete. To over-
come this, a novel algorithm was developed that drastically reduces the number of texture
samples needed for generating the weighted average. It is implemented in a parallel fashion
and benefits from the enormous processing power of modern GPUs. This step was impor-
tant because different settings and parameters needed to be tested within reasonable times.

Changing a value and then waiting for multiple hours was unacceptable.

A demo application was developed that is used to preview and analyze the results of

100
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occlusion-based classification. It contains all necessary features such as volume data han-
dling, preview rendering and multiple custom tools that are essential for a proper evaluation
of the results. For example, the editor contains custom tools that aid the user in defining
meaningfull visibility functions. For visual reference these can be interactively drawn over
the amplitude histogram of the input data set. An interactive way to manipulate the visi-
ble section of the occlusion spectrum was offered in the form of a two-dimensional transfer
function editor that contained several selection polygons. Moreover the results can be ex-
ported into common volumetric exchange formats and therefore be integrated into existing

workflows for further comparison.

Several datasets have been used as classification targets. These include examples from
real-word datasets as well as synthetic volumes. Promising results could be achieved regard-
ing noise cancelation. It was shown that occlusion-based classification of seismic data sets is
advantageous over basic opacity mapping, because it introduces an additional classification
dimension that can be used to reduce the noisy sections in a seismic volume visualization.

Other results indicate that the concept is more suitable for detecting large-scale struc-
tures. Finer and subtle geological features may get lost, because of the averaging that is
performed during occlusion generation. However this also leads to a less noisy visualization

than compared to other seismic attributes such as sweetness.

In a future version, arbitrary oriented slices should be introduced, as they can be found
in many common volume visualization toolkits such as Octreemizer [JMRB02] or OpendTect
[dGB12].

The loss of detail information is one of the major problems during occlusion generation.
The size and shape of structures will become more indistinct with increasing size of the
sampling area. To overcome this, one approach is to perform the integration step with a
bilateral edge-preserving filter. Instead of simply building the average of the neighborhood,
the contribution of each voxel is controlled by its spatial distance but also depending on
the difference in luminance. Such a bilateral filter will preserve sharp edges that define the
shape and border of specific objects and structures.

In the current application it is possible to select voxels inside the volumetric data set
and see the selection highlighted in the occlusion spectrum. However, currently only single

voxels can be selected. This can be imporoved by letting the user select multiple voxels
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and then automatically building the selection polygons. For example, this can be done by
building the convex hull for a set of selected voxels.

Occlusion has been compared to seismic sweetness and it was shown that both attributes
are very similar in the way peaks and troughs are treated. As a consequence of the aver-
aging, occlusion is less noisy but also contains less detailed information than sweetness.
During the last VRGeo meeting several other attributes (semblance, coherency, relative
impedance, cohesion) were suggested for comparison. One possible future investigation tar-
get is therefore how these attributes relate to occlusion and if they are more suitable for
computing occlusion than the original seismic amplitudes.

Another interesting feature that was suggested by one of the VRGeo members, is the
use of different shapes for the sampling mask, such as ellipsoids. Since seismic data consists

of multiple layered strata, more planar sampling masks might improve the image quality.

To sum up, this work presented the current state of work regarding occlusion-based
classification of seismic data; an approach that has not been done before. In this regard
a new tiled algorithm was developed that is advantageous over the original brute-force
approach because it is less complex and can be executed in a parallel fashion, making

efficient use of advanced hardware features.
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