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ABSTRACT

This thesis presents an image processing method for identifying separation layers in

seismic 3D reflection volumes. This is done by applying techniques from flow visual-

ization and using GPU acceleration. In geology sound waves are used for exploring

the earth beneath the surface. The resulting seismic reflection data gives us a rep-

resentation of sedimentary rocks. Analyzing sedimentary rocks and their layering

can reveal major historical events, such as earth crust movement, climate change or

evolutionary change. Sedimentary rocks are also important as a source of natural

resources like coal, fossil fuels, drinking water and ores. The first step in analyzing

seismic reflection data is to find the borders between sedimentary units that origi-

nated at different times. This thesis presents a technique for detecting separating

borders in 3D seismic data. Layers belonging to different units can not always be

detected by looking in a local neighborhood. Our presented technique avoids the

shortcoming of existing methods that work on a local scale by addressing the data

globally. We utilize methods from the fields of flow visualization and image process-

ing. We describe a border detection algorithm, as well as a general programming

pipeline for preprocessing the data on the graphics card. Our GPU processing sup-

ports fast filtering of the data and a real-time update of the viewed volume slice when

parameters are adjusted.
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Chapter 1

Introduction

1.1 Problem Statement

When the geologists analyze seismic data, one of the initial tasks is to identify the

borders between sediments that originated at different times. This is time consuming,

therefor attempts at automation has been done. However, previous automatic tools

address the data only on a local scale. Locally run algorithms work fine for identifying

Fig. 1.1: Sediments of different units can
be indistinguishable in local areas such as
inside the circle.

borders where the layer pattern of the sed-

iments has a different angularity on either

side of the border (Figure 1.1 green circle),

but comes short where the layer patterns are

parallel (Figure 1.1 red circle). Our goal is

to implement an automatic method that ad-

dress the data globally to also detect borders

in parallel neighborhoods. We want to do

this by the use of methods from flow visual-

ization, more specifically, by the use of par-

ticle seeding. We release massless particles

in a flow field representing the sediment direction, trace the particles trajectories,

and calculate the separation that occurs. The finite-time Lyapunov exponent is a

quantity that characterizes the rate of separation of infinitesimally close trajectories.

We use this quantity in our implementation. The first contribution of this thesis is

a method for extracting borders in seismic data. Its novelty lies in the fact that it
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addresses the data globally, and that it exploits interdisciplinary methods to do so.

The second contribution is a processing architecture for seismic data. The processing

steps are divided into distinct modules each having a well defined area of operation.

The modules operate on the data in series by GPU-acceleration, which allows the

user to monitor every step and adjust parameters at interactive frame rates. This

is important for finding optimal parameter settings so that a good segmentation of

layers is achieved.

1.2 The Structure of this Thesis

Chapter 1 aims to introduce the reader to the background material which is assumed

in subsequent chapters. Some stratigraphic concepts with an emphasis on unconfor-

mities are covered. We also take a look at the composition of seismic data, relevant

seismic attributes and seismic data represented as a flow field.

Chapter 2 covers previous work relating to this thesis with sections devoted to un-

conformity detection in seismic data, image processing methods and methods for

semantic segmentation of flow. The image processing methods are, more specifically,

methods for extracting and smoothing a vector field that we have utilized on images

of seismic cross sections. Related work on semantic segmentation of flow addresses

two concepts well know within the field of flow visualization - Lagrangian coherent

structures and the finite-time Lyapunov exponent.

Chapter 3 describes our general processing architecture. The proposed pipeline for

processing seismic data on the GPU and the pipeline for unconformity detection in

seismic data is also explained.

Chapter 4 gives implementation details. A short introduction to VolumeShop, which

has functioned as the framework for our implementation, and to GPU programming

is given before our plugins and shaders are accounted for.
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Chapter 5 presents the results of our implementation. The data has been processed on

the GPU according to our pipeline and our unconformity detection method is tested.

The different parameter settings are discussed and performance measurements are

presented.

Chapter 6 concludes and summarizes the findings and limitations of this thesis, and

points out some areas for future work.

1.3 About Stratigraphy, Unconformities and Hy-

drocarbon Traps

Fig. 1.2: Three stratified sediments. The sedimentary sequences are separated by uncon-
formities.

Stratigraphy is the study of rock layers deposited in the earth. A stratum (plu-

ral: strata) can be defined as a homogeneous bed of sedimentary rock. Stratigraphy

has been a geological discipline ever since the 17th century, and was pioneered by

the Danish geologist Nicholas Steno (1638-1686). He reasoned that rock strata were

formed when particles in a fluid, such as water, fell to the bottom [Ker03]. The par-

ticles would settle evenly in horizontal layers on the lake or the ocean floor. Borders
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between different layers are called horizons. Through all of Earth’s history, layers of

sedimentary rock have been formed as wind, water or ice has deposited organic and

mineral matter into a body of water. The matter has sunk to the bottom and con-

solidated into rock by pressure and heat. A break in the continuous deposit results

Fig. 1.3: Forming of an unconformity. a) Minerals and organic matter consolidate into rock
at the bottom of a body of water. b) A time of lower water levels expose the sediments to
erosion. c) New sediment form when the water levels rise again. d) An unconformity is the
border between a sequence of young and old sediment layers.

in an unconformity, in other words, a surface where successive layers of sediments

from different times meet. Thus, an unconformity represents a gap in the geological

record. One of the goals of this thesis is to detect such borders in seismic data. Figure

1.2 is a picture of stratified rock where the unconformities are easily seen.

An unconformity usually occurs as a response to change in the water or sea level.

Lower water levels expose strata to erosion, and a rise in the water level cause new

horizons to form on top of the older truncated layers (see Figure 1.3).

The geologists analyze the pattern around an unconformity to decode the missing

time it represents. Above and below an unconformity there are two types of termi-
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Fig. 1.4: Strata relates to an unconformity in different ways. The top three images show
patterns that occur below an unconformity, and the bottom three images show patterns
that occur above an unconformity.

nating patterns and one non-terminating pattern. Truncation and toplap terminates

at the unconformity above. Truncation is mainly a result of erosion and toplap is a

result of non-deposition. Strata above an unconformity may terminate in the pattern

of onlap or downlap. Onlap happens when the horizontal strata terminates against a

base with greater inclination, and downlap is seen where younger non-horizontal lay-

ers terminates against the unconformity below. Concordance can occur both above

and below an unconformity and is where the strata layers are parallel to the uncon-

formity. An illustration of these concepts can be seen in Figure 1.4.

An unconformity can be traced into its correlative conformity. In contrast to an

unconformity, there is no evidence of erosion or non-deposition along the correlative

conformity and the around laying pattern is of type concordance.

A seismic sequence - also called a sedimentary unit or facies, is delimited by uncon-

formities and their correlative conformities. The fact that sediments belonging to

different seismic sequences can be indistinguishable in greater parts of the picture,

as illustrated in Figure 1.1, calls for global analyzing tools.
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1.3.1 Structural and Stratigraphic Hydrocarbon Traps

Hydrocarbon exploration companies look for unconformities in the seismic data to

identify possible hydrocarbon traps. Hydrocarbons migrate through porous sedi-

ments to areas of lower pressure, and they will move upwards until they are above

ground if there is a way. Oil and gas reservoirs are therefore dependent on certain

subsurface formations that form a geological trap. Structural traps are formed as a

result of changes in the sediment structure due to folding and faulting. A fold is where

the horizons are bent or curved, and it can form under varied conditions of stress,

Fig. 1.5: Structural traps a) due
to folding and b) due to faulting.

e.g. from hydrostatic pressure. A fault is planar

fracture or discontinuity in the sediments. Move-

ments of the earth crust may result in faulting. Fig-

ure 1.5 illustrates two structural traps that are cre-

ated by a fold and a fault respectively. The trapped

hydrocarbons are drawn in red, the yellow layer is

porous rock, and the green layer is solid and im-

permeable. Another type of traps are stratigraphic

traps. They accumulate oil due to changes of rock

character rather than folding or faulting. Lateral

and vertical variations in the thickness, texture,

porosity or lithology of the sedimentary rock may

lead to this type of trap. The rock characteristics

are not prominent in seismic data the same way the

subsurface structures are, and there may be a se-

quence of impermeable layers functioning as a stratigraphic trap within seemingly

uniform areas. Evidently, the stratigraphic traps are harder to detect than the struc-

tural traps. Caldwell et al. [CCvB+97] suggest that hydrocarbons trapped in struc-

tural traps are almost all in production, and most of the remaining oil and gas are

to be found in stratigraphic traps. Our unconformity detection algorithm, that also
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work in parallel areas, can help identify such stratigraphic traps.

For more information on unconformities, sedimentary sequences and other strati-

graphic concepts, the reader is referred to Nichols book on sedimentology and stratig-

raphy [Nic09] and Catuneaus book on sequence stratigraphy [Cat06].

1.4 Seismic Data

Seismic data is generated by processing reflected seismic waves to capture a picture

of the rock layers beneath the earth surface. The seismic waves are reflected from

interfaces between the rock layers. The recorded return signal and its propagation

time is used to determine the depth and angle of the reflecting surface. Many fac-

tors influence seismic reflection coefficients, e.g. mineral composition, porosity, fluid

content, and environmental pressure.

The data sets may be of two, three or four dimensions with one to four measured

values at each data point. 4D seismic data is 3D data acquired at different times

over the same area. A seismic data set is typically large and noisy. Wind, swell and

direct and scattered surface waves are among the many noise origins that challenge

interpretation of the data. A seismic cross section is seen in Figure 1.6. Horizontal

sediment layers can be seen on the top as well as more curved layers deeper down.

It is common to represent volumetric data by an equally spaced grid of voxels. A

voxel is in a sense a 3D pixel. Where pixels are the building blocks of a 2D image, the

voxels are the building blocks of a 3D volume. Each voxel is addressed by a (x, y, z)

coordinate.

In this thesis the seismic data will represented as a voxel volume, and it will be

processed on the GPU. Seismic data can be large, and a full seismic data set will

frequently exceed available GPU memory. A solution is to use stream-processing of

the data. It divides the entire data volume into smaller parts that are processed in
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Fig. 1.6: A seismic cross section.

series. We do not support this, but conceptually, it is not hard to extend our method

to perform this type of processing. Stream-processing on the GPU, with its limited

memory capacity, will still be faster than processing the data on the CPU which has

a larger memory space.

1.4.1 Seismic Attributes from Seismic Data

Many techniques to highlight interesting properties of seismic data have been de-

veloped. A seismic attribute is a generic term for any information derived from

seismic data that aid the interpretation process. Examples include seismic ampli-

tude, envelope, rms amplitude, frequency, bandwidth, coherency and spectral mag-

nitude [Tan01, CM05]. While some attributes are directly sensitive to changes in

seismic impedance, others are sensitive to the layer thicknesses or to seismic textures

and morphology.

Dip and azimuth are attributes that describe the dominating orientation of the strata

locally. Dip gives the vertical angle and azimuth the lateral angle. In our work, we use

the dip/azimuth vectors to create a flow field representation of the data set where the
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flow “moves” along the sediment layers. Through such a representation, we consider

the global structure of the sediments when each voxel is analyzed for its probability

to be on an unconformity.

1.4.2 Seismic Data Represented as a Flow Field

Vector fields can be used to represent many different data sets. Flow, electricity,

magnetism, stress and strain are examples where each point in space can be assigned

a direction and magnitude. Such data are well defined by a vector field. As already

mentioned, we want to utilize a flow field representation of the seismic data to extract

unconformities. As our 3D seismic data represents a snapshot of the subsurface, there

is no change over time, so our flow representation can be considered a steady flow.

The underlying vector field is defined as a mapping: If U is an open set of the

Euclidean space Rn, then a vector field v on U is given by v : U → Rn. In our case

n = 2, and we use normalized vectors that are everywhere tangent to the horizons.

It is possible to associate such a vector field with a flow as it can be assumed that

there is a continuous variation from one point to another.

Our method utilizes the flow field to let particles move along the horizons. In 3D, the

horizons constitute surfaces, and along a surface there are several possible particle

paths (see Figure 1.7 left). For that reason, when we work with 3D volumes we

extract a 2D flow field for each slice of the 3D data. On a 2D slice, the horizons

become lines with only two possible path directions. For uniqueness we choose one

direction constantly. Basically, we choose the ones going to the right and thereby get

a unique 2D vector for each 3D point. We get the tangent vectors by first finding

the gradients (they point in the direction of the greatest change and are everywhere

orthogonal to the horizons), and then rotating all gradients by 90◦. We make sure

the flow vectors are aligned by replacing any vector with a negative x component by

the opposing vector. Consequently, our method analyses each 2D slice of the 3D data
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Fig. 1.7: On a surface a particle can move along an infinite number of paths. Along a line,
the particle path is well defined.

separately. A true 3D vector analysis would probably detect more features, however

it is not clear how the algorithm should be defined. We have further thoughts on

this in the section 6.1 concerning possible future work. Anyways, interpretation of

seismic data volumes is often done one slice at the time. By processing the volume

slice by slice, we use the same data basis as many existing seismic methods.

A trajectory, or streamline, of a flow field is the line formed by a massless particle

released in the flow. We calculate a streamline by integrating over the flow field

(moving along the vector directions in small steps) for a finite number of steps.

From any position, a streamline can be found in both the forward and the backward

flow. The backward flow is the flow field with all vectors turned in the opposite

direction. A streamline starting at a point where the vector field is 0, is a single

point. According to seismic data, zero vectors may occur where the reflections are

weak, e.g. in uniform areas without detectable horizons. These zero vectors must not

be mistaken for singularities in a flow field. A singularity, or stationary point in a

flow field, defines the behavior of the vectors in its surrounding neighborhood. It can

be found, for example, in the center of a vortex. Zero vectors ascribable to an area

of weak reflections, on the other hand, is just a missing part of the flow. Therefore

we perform smoothing to avoid and minimize such areas.

Our presented algorithm depends on a vector field that represents the intrinsic prop-

erties of the seismic data accurately. There exists efficient methods for extract-

ing dip/azimuth vectors from seismic data. They further improve the accuracy by
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smoothing the data along its structures [HF02, Mar06]. Our algorithm can take as

input a flow field of dip/azimuth vectors extracted by established methods for in-

stance found in Petrel [201]. However, we have reimplemented this calculation to

achieve better control and for speed up by adapting it to our GPU pipeline.
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Chapter 2

State of the Art

Interpreting seismic data is a time consuming task, and extensive work has been

done in developing computer-assisted methods. Chopra and Marfurt give a historical

overview and summarize the main events of the trends in seismic attributes [CM05,

CM08]. Because of the dense nature of seismic data, traditional visualization of 3D

seismic data has been done by cross sections. In the last years, effort has been invested

to produce better volumetric visualizations to provide new insight and accelerate the

interpretation process [Pat09, Pat10, CM11]. Petrel [201] is one of several commercial

softwares used by the oil industry for interpreting and visualizing seismic data.

This chapter will focus on previous approaches on finding unconformities, and also

look into methods within the fields of image processing and flow visualization that

relate to the new technique presented in this thesis. We review orientation field

extraction from image processing since it relates to our vector field extraction of

seismic data. The field of flow visualization is discussed as it uses methods relevant

for identifying boundary surfaces.

2.1 Unconformity Detection in Seismic Data

One method for detecting sequence boundaries, or unconformities, is the method of

Randen at al. [RRSS98]. This method first calculates estimates of dip and azimuth.

This is done by applying a multi-dimensional derivative of a Gaussian filter followed

by directional smoothing. Then, starting at a sample in the extracted orientation

field, a curve is traced out in the direction of the local angle (see Figure 5.14). The
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Fig. 2.1: a) Seismic cross section. b) Streamlines and their terminations (marked with X)
extracted from the cross section. c) Stratigraphic surface probability from the detected
terminations. Darker lines indicate a higher probability.

curves form flow lines along the orientation field. Intersection points of such flow

lines are detected (marked with X). These points are likely to be on an unconfor-

mity. Brown and Clapp attempted a different approach that locally compares the

data to a template that represents a neighbourhood around an unconformity [BC99].

Another method to find lateral discontinuities (e.g. lateral unconformities and faults)

in seismic data is that of Bahorich and Farmer called the coherence cube [BF95]. Co-

herency coefficients are calculated from a 3D reflection volume and displayed as a

new volume. Coherence is a measure of the lateral change of the form of the reflected

wave along the local orientations in the data. Since the coherence cube first appeared

in 1995 it has been improved several times. Chopra gives an overview of the develop-
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ment of this method [Cho02]. Unconformities are often seen as discontinuities in the

data, but not always. It can happen that there are no obvious signs of erosion and

the layers on either side of an unconformity are parallel. This type of unconformity,

sometimes called paraconformity or correlative conformity, would not be detected by

the coherence cube or any of the above methods.

Fig. 2.2: a) Input data. b) The data is processed by an unconformity attribute by Van
Hoek et al. [vHGP10]. c) The unconformities are manually enhanced by dotted lines.

A recent paper by van Hoek et al. [vHGP10] describes a new method for finding

unconformities. Gaussian derivative filters are used to estimate the dip/azimuth field.

The orientation field is then analyzed. The structure tensor field is calculated and

regularized, and the principal eigenvector of the structure tensor is extracted. From

this, the dip field is studied to see whether the vectors in local neighborhoods diverge,

converge or are parallel. Output from their unconformity attribute is shown in Figure

2.2 b). Figure 2.2 a) is the input data, and c) shows the unconformities manually

reinforced. Van Hoek et al. recognize the problem that previous methods address

seismic data on a local scale, and they attempt to find a more global approach with

their unconformity attribute. However, their method measures the conformability
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of the dip field in a neighborhood of a predefined size and is therefore still a local

method that does not capture events taking place outside its neighborhood.

The unconformity detection methods by van Hoek et al., as well as the method pre-

sented in this paper, use the reflector dip and azimuth of the seismic data as input.

Much work has been done to extract this accurately. Complex trace analysis [Bar00],

discrete vector dip scan [MKF98], and gradient structure tensor [BvVV99] are com-

monly used for the task. Marfurt presents a refined method for estimating reflector

dip and azimuth in 3D seismic data and gives a good overview of the work previously

done in this area [Mar06].

2.2 Orientation Detection in Images

In the field of image processing, a repetitive pattern is referred to as a texture, and a

linear pattern as an oriented texture. Numerous algorithms are used for enhancing or

segmenting textured images. When it comes to processing images digitally for tasks

such as edge detection or pattern recognition, there is no algorithm generic enough

to be a good choice at all times. It is necessary to choose the right algorithm for the

right data and desired achievement.

A finger print, wood grain or a seismic image are examples of oriented textures.

These textures have a dominant orientation in every location of the image. They are

anisotropic, and each point in the image has a degree of anisotropy that relates to the

rate of change in the neighborhood. This is often represented by the magnitude of

the orientation vectors. Extraction of the orientation field of a texture has been well

researched in the field of image processing. Extraction algorithms are often based on

the gradient from a Gaussian filter [RS91, KW85]. In addition to automatic pattern

recognition and some edge detection algorithms, directional smoothing of an image

requires the orientation field to be calculated. Like in seismic data evaluation, it is
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essential that the extracted orientation field represents the properties of the image.

Non photo-realistic rendering (NPR) concerns with simplifying visual cues of an

image to communicate certain aspects more effectively. Kang et al. [KLC09] suggests

a new NPR method for 2D images that uses a flow-based filtering framework. An

anisotropic kernel that describes the flow of salient image features is employed. They

use a bilateral filter (an edge-preserving smoothing filter) for the construction of

what they call an edge tangent field (ETF). This is a vector field perpendicular to

the image gradients. The initial gradient map is obtained by a Sobel operator. The

vector adapted bilateral filter takes care to preserve salient edge directions, and to

preserve sharp corners in the input image. The filter may be iteratively applied to

smooth the ETF without changing the gradient magnitude. Figure 2.3b is an image

of an ETF presented by line integral convolution (LIC). The LIC image shows how

the vectors of the ETF follows the edges of the input image. Kang et al. present this

Fig. 2.3: a) Input image. b) The extracted edge tangent field [KLC09].

vector field extraction method as a base for extracting image features. A different

vector field extraction method is proposed by Ma and Manjunath [MM00]. They

find edge flow vectors by identifying and integrating the direction of change in color,

texture and phase discontinuity at each image location. The vector points in the

direction of the closest boundary pixel.
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2.3 Lagrangian Methods for Semantic Segmenta-

tion of Flow

Flow visualization is a subfield of data visualization that develops methods to make

flow patterns visible. A Lagrangian approach to study fluid flows uses particle tra-

jectories to reveal the nature of a flow. Here, a way to understand a time dependent,

or unsteady flow is by dividing it into regions where the flow behaves similarly, and

study how these regions deform and move over time. Regions that have a similar

flow pattern are called Lagrangian coherent structures (LCS). A flow can be seen as

a set of LCS.

Methods for finding LCS can also be used on steady flows [Hal01, SP09]. Sadlo

and Peikert [SP09] show comparable results from LCS methods and the previous

established vector field topology (VFT) methods applied to 3D steady flows. VFT,

as introduced to the field of visualization by Helman and Hesselink [HH89], includes

methods to identify and visualize the topological structure of a vector field. Mainly by

detecting zero gradients (singularities) and the connections between them. In contrast

to VFT, the LCS methods are not based on detecting singularities. Haller [Hal01,

Hal02] have demonstrated that the height ridges of the finite-time Lyapunov exponent

field (see Section 2.3.1) work as LCS boundaries. A height ridge can be defined as

the major axis of symmetry of an elongated object. In 3D are the LCS boundaries

flow separation and attachment surfaces, i.e. surfaces along which the flow abruptly

moves away or attaches.

2.3.1 The Finite-time Lyapunov Exponent (FTLE)

The finite-time Lyapunov Exponent (FTLE) characterizes the rate of separation be-

tween infinitesimally close trajectories in a flow. It is typically found by calculating a

set of trajectories starting from very close positions. The trajectories are used to find
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Fig. 2.4: Close trajectories in a flow field, advanced for a set number of steps, are used to
calculate the right Cauchy-Green deformation tensor. The FTLE is derived from the major
eigenvalue of this tensor.

the flow map gradient. This gradient is left multiplied with its transpose resulting

in a tensor called the right Cauchy-Green deformation tensor (see Figure 2.4). At

each location, the FTLE is derived from the maximum eigenvalue of the calculated

deformation tensor. Since the 1970’s the FTLE has been well established as a mean

to analyze the chaos and predictability in dynamical systems [PPF+10]. Haller pi-

oneered the use of FTLE on velocity fields of fluid flow, and showed the relation

between FTLE and LCS [Hal01, Hal02]. The notion of the height ridges of FTLE as

LCS have been further studied by Shadden et al. who proved that the flux across

these height ridges is small and most often negligible [SLM]. FTLE has since been

applied to a large variation of fluid flow problems within many different fields [PD10].

Also within the visualization community, FTLE and LCS has played an important

role. Much work has been done building on these concepts. For an overview, the

reader is referred to a recent article by Pobitzer et al. that give the state of the art

on visualization of unsteady flow [PPF+10]. As far as we know, this thesis is the first

attempt to exploit LCS for detecting unconformities in seismic data.

Finding LCS in 3D flows is computationally intensive, and this has inspired efforts

to optimize the computation of FTLE [GGTH07, GLT+09, LM10, SRP11]. Sadlo
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and Peikert suggest incorporating adaptive refinement of the scalar mesh into the

ridge extraction procedure, and only calculate trajectories in the regions containing

ridges [SP07]. Garth et al. show that finding LCS on a cross section of a 3D flow,

may often be sufficient for visualizing and understanding the flow [GGTH07]. They

also use GPU accelerated path line integration to speed up FTLE computations on

2D flow [GLT+09]. Because our flow from seismic data is not time dependent and we

work in the 2D domain, we get sufficient efficiency by GPU accelerated calculations

of FTLE without using complex optimization methods.

In a recent paper, Haller and Sapsis show that the smallest eigenvalue of the right

Cauchy-Green tensor field relates to the rate of attraction between the trajecto-

ries [HS11]. They prove that in a time interval [t0, t], the maximum eigenvalue can

be used to find repelling LCS at t0 and the minimum eigenvalue can be used to find

attracting LCS at time t.
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Chapter 3

The Processing Architecture

Complex algorithms running on large datasets take time to complete. In our case, the

algorithms require several input parameters. The optimal parameter choices depend

on the data itself and are often obtained through trial and error. We speed up the

trial-and-error cycle by designing an architecture that gives immediate previews on

the results, in real-time, as the user changes the parameters. The basic idea behind

our processing architecture is thus to process 3D data efficiently with the possibility

for a user to intervene along the pipeline. To do this we have broken the process

down into smaller processing segments and constructed a pipeline of modules. This

chapter will explain our processing architecture. First we present our pipeline for

general processing of volumetric data on the GPU, and then we show how we have

specialized it into detecting unconformities in seismic volume data.

3.1 Our Pipeline for Processing Seismic Data on

the GPU

The use of GPU-accelerated methods is rapidly increasing in sciences requiring cal-

culations, and can dramatically increase the computing performance on seismic data.

The highly parallel structure of modern GPUs is ideal for efficiently processing large

blocks of data provided the calculations could be done in parallel. GPUs support pro-

grammable shaders, that manipulate geometric vertices and fragments and output a

color and transparency (RGBA) for every pixel on the screen. Instead of output to
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the screen, the RGBA-vectors can be written to a 2D or 3D texture. A texture is in

this sense a block of memory located on the GPU.

Fig. 3.1: Data is alternately read and written
between two 3D textures located on the GPU
while filters are applied iteratively. Filtering
is done in parallel one slice at the time. Any
output slice from any of the filters can be
rendered to the display to check the result.

In our pipeline, we use two 3D textures of

equal size and alternate on reading and

writing to and from these textures in a

ping-pong fashion. The input data is read

from one texture, and the output is writ-

ten to the other. The next procedure

moves the data in the opposite direction.

If we used only one texture, and did the

reading and writing to and from the same

memory locations the data would get out

of sync and consist of a mixture of pro-

cessed and unprocessed voxels. The prob-

lem would arise when the processing of

one voxel requires information from sur-

rounding voxels. Then the sampled in-

formation would sometimes be output in-

formation instead of input. This would

happen although the processing is done

in parallel, as reading and writing is not

necessarily done at the exact same time

for all processed voxels. The original vol-

ume is kept as a separate texture on the

GPU to provide the input in case of re-

processing (see Figure 3.1).

This set up allows us to divide the processing into smaller modules that can be exe-

cuted one after the other on the GPU. The processing steps can be seen as filters that
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perform a small and well defined operation on the data. The filters are implemented

as shaders. Each shader processes the data on the GPU in parallel, and the output

may be viewed slice-wise. The pipeline can operate in a preview mode where a subset

of the volume slices is processed by each filter. This mode is beneficial for adjusting

the filter parameters as it gives a real-time update of the displayed slice for smaller

subsets. The displayed slice is the current slice. There is a global current slice slider

that tells all the filters which slice to process. Each filter also has a radius parameter

that sets how many slices around the current slice it will process. This parameter is

added to allow 3D filtering in preview mode. When 3D filters are used, the radius at

every filter must be large enough to provide the needed number of processed input

slices for the following 3D filters. After the desired parameter setting are found in

preview mode, the operation to process the whole volume may be executed. Then all

the volume slices are processed at each filtering step before the next filter is executed.

Fig. 3.2: A filter has a shader part and a GUI
part. The desired shader and its parameters are
set from the GUI.

A filter consists of a GLSL shader that

take care of all calculations, and a

GUI written in C++ (see Figure 3.2).

The shader responsible for the desired

filter operations can be chosen from

the GUI. The filter parameters are ad-

justed by GUI sliders that connect to

variables of the chosen shader.

Our processing pipeline should meet

the needs of a fast seismic processing work flow. In seismic data processing, a series

of routines are applied to large seismic data. The calculations of each routine are

typically executed for every voxel in the data volume and can be done in parallel.

Every routine also depend on one or several parameter settings that needs to be

adjusted to best suit the data set in question. As we have seen above, our pipeline

comply with these requirements.

22



3.2 The Pipeline Adapted for Unconformity De-

tection in Seismic Data

An automatic method for finding borders between sediments in seismic data would

greatly reduce manual interpretation times. The goal of this thesis is to create such

an automated method. We built the architecture described in the previous section, to

address the problem. To identify unconformities in seismic data, we have constructed

a pipeline of three distinct GPU-accelerated modules. Output from one module is

input to the next. The three modules can be summarized as:

• Vector field extraction from the seismic data

• Mapping of stratigraphic surface probability

• Visualization of surfaces

Figure 3.3 gives an overview of the pipeline. This section will elaborate on each of

the modules. This thesis focus on the mapping of stratigraphic surface probability

using concepts from flow. In this step lies the novelty of this thesis.

The pipeline is implemented as plugins in the VolumeShop framework [BG05]. A

separate load-plugin takes care of loading the data onto the GPU and initializing the

ping-pong textures. The first two modules of the pipeline are performed by several

instances of a filter-plugin with different settings for each instance. A volumetric

visualization of the extracted surfaces (module 3) is done by plugins already existing

in the VolumeShop framework. VolumeShop provides good visualizations of 3D vol-

umes that have been sufficient for examining outcomes of our algorithm. The plugins

needed by the rest of the pipline, are our implementations.
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Fig. 3.3: Pipeline for unconformity extraction.

3.2.1 Preprocessing - Vector Field Extraction

There are many seismic attributes that need the orientation vector field of the seis-

mic data as input in the calculation. One important is structure oriented filtering

(SOF). SOF is used to improve the quality of seismic data. Because of the im-

portance in seismic attribute calculations, many vector extraction methods already

exist [LMADA02, LPG+07, CM07]. We could easily run our data through such a

method, using for instance Petrel [201]. However, we have implemented one our-

selves to get it into our pipeline giving the user real-time access to all parameters.

Another reason we implemented this ourselves is that we want to avoid zero vectors

in areas with no structure. Here we instead want a vector describing the direction

from a larger perspective since our unconformity detection algorithm depend on a

vector field that is defined in every voxel.

SOF for smoothing seismic data has been in use since the nineties, and the used

methods are closely related to the image processing methods for edge preserving

(anisotropic) smoothing. SOF for smoothing seismic data is done by estimating

the local orientation of the reflections and performing smoothing along them. How-

ever, smoothing across the reflection terminations must be avoided. Reflection ter-

minations occur mainly at faults, and can be found with edge detection meth-
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ods [RPS01, AT04]. Figure 3.4 is from the article of Höcker and Fehmers [HF02]

and shows a seismic slice before and after structure oriented smoothing using an

anisotropic diffusion filter.

Fig. 3.4: a) Input slice, b) smoothed through SOF by Höcker and Fehmers [HF02].

The first step of our vector field extraction implementation is to find the deriva-

tives by calculating the central difference in each voxel. This gives us the gradient

vectors. For a less noise sensitive procedure for gradient extraction, we have also

implemented a Sobel filter as an alternative. The extracted gradients are perpendic-

ular to the reflection layers. For reasons explained in Section 1.4.2, we only use the

x- and y-components of the gradient vectors. The vectors are rotated around the

z-component and normalized to constitute a 2D flow field that is everywhere tangent

to the horizons. Smoothing will in most cases improve the flow field representation of

the data. Since the filters for calculating the gradients are sensitive to noise, we have

implemented a 7× 7 Gaussian filter and a mean filter where the mask size can be set

by the user. These filters may be used to eliminate some noise before the gradients

are found. After finding the vectors, we also utilize the flow-based, SOF method by

Kang et al [KLC09] to smooth the vectors constituting the flow field. The vectors

representing each sedimentary unit should be aligned and gradually changing accord-

25



Fig. 3.5: a) Seismic data. b) The flow field found by rotating gradient vectors. c) The flow
field after 3 iterations of Kang et al.[KLC09] smoothing filter. The vectors are normalized.
d) For comparison, the normalized vectors of b) without any smoothing.

ing the the underlying horizons. However, a gradual change across unit borders is

not desirable unless it is intrinsic to the data. The SOF method efficiently smooths

the flow vectors without diminishing important information by smoothing across the

borders. A flow field, extracted and smoothed by our pipeline, is seen in Figure 3.5.

Closer implementation details will be covered in Section 4.3.4.
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3.2.2 Processing - Mapping of Unconformity Surface Prob-

ability

Our unconformity detection algorithm is implemented as a filter-plugin in our frame-

work. The technique uses particle seeding, as is common in the field of flow visual-

ization. The trajectories of the particles are not visualized themselves, but used to

calculate a scalar value describing the degree of separation at the seedpoint. Figure

3.6 is a simplified illustration of the algorithm. For every voxel in our flow field we

Fig. 3.6: Illustration of the border detection algorithm. Massless particles are released in
a flow field. The yellow dots represent the seed points. The rate of separation between the
trajectories are calculated form the trajectory end positions (blue dots) and stored in the
center voxel in Fig. 1).

seed four particles from its neighboring voxels. Their trajectories are are advanced

for a finite number of steps, before the separation between the trajectories are cal-

culated. The rate of separation is mapped to the position of the starting voxel, i.e.

the center voxel of the seed points. This is done for every voxel on a slice, and

slice by slice throughout the volume. The output is then a 3D volume containing

the probability each voxel has for being on an unconformity. Because of the parallel

nature of seismic data, two close trajectories will end up in close proximity to one

another if their seed points are within the same sedimentary unit (see Figure 3.7).

If, instead, their seed points lay on different sides of an unconformity, it is likely

that the trajectories will separate when advanced along the flow field. Therefor, with

this method, unconformities are detected in areas with parallel horizons where local

methods would fail.
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Fig. 3.7: Particles seeded within the same sedimentary unit will end up in close positions.

For more robustness of the algorithm, we trace particles in both directions of the

flow. In the forward flow and in the opposed backward flow (see Figure 3.8). The

trajectories may separate only in one of the flow directions, and we are interested in

mapping the separation no matter if it occurs in the forward or the backward flow.

The calculated separation for both flow directions are compared, and the greatest

Fig. 3.8: For each voxel a set of particles are traced in both flow directions.

value is saved as this indicates the probability of a separator.

Successful and Failing Cases

Although our method can detect unconformities not detectable by current methods,

we are not able to detect all. Therefore, for the rest of this section we will take a

closer look at the outcome of the algorithm in a few synthetic scenarios, and determine

where it succeeds and where it fails. Figure 3.9, 3.10, 3.11 and 3.12 illustrates stylized

seismic cross sections where the black lines represent the pattern of the seismic data.

The colored lines indicate the results from applying our algorithm. A green line
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indicates an unconformity rightfully detected by our method, an orange dotted line

indicates a false negative (i.e. an unconformity not detected by our method), and

a red line indicates a false positive (i.e. an unconformity detected by our method

which is not actually an unconformity).

Fig. 3.9: Our algorithm will have a successful outcome in the situations of onlap a) and b),
toplap c) and downlap d).

Figure 3.9 illustrates the seismic patterns of onlap (a) and (b), toplap (c) and downlap

(d). Our algorithm will detect a separation in one of the flow directions between the

trajectories starting on, and close to, the unconformity. In other words, we get a

successful outcome in these situations. Local methods would successfully find the

unconformities in all cases in Figure 3.9.

Fig. 3.10: The algorithm will have problems detecting an unconformity in parallel areas
where where the horizons go from parallel to converging.

When the horizons show a parallel pattern in some areas, as illustrated in Figure 3.10,

a successful outcome is expected in the situation shown in a) and b). A particle set

starting from voxels around the unconformity will separate as they move along the

horizons. In c) and d), on the other hand, we will have attracting trajectories as they

move from the unconformity in the parallel area into the non-parallel area. That is,

when the particle set reach the non-parallel area, some of the particles will continue

along the same trajectory. If we only look for the separation, the unconformity will
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not be detected in the parallel area of Figure 3.10 c) and d).

Figure 3.11 shows a data sets containing different patterns. The pattern of Figure 3.10

a) can be seen to the right and 3.10 d) to the left of this illustration. However, we do

not get any false negatives here. The reason is that we get separating trajectories in

one flow direction which is easy to detect, even though they converge in the opposite

direction which we do not detect.

Fig. 3.11: A parallel area where the horizons are converging at one end and diverging
at the other. Our method will detect the unconformity throughout the parallel and the
non-parallel area.

In the last illustration (Figure 3.12), we see horizons that curve along a bell shape

below the unconformity with horizontal horizons above. The algorithm will in this

case detect a non-existing unconformity (the red line in Figure 3.12) that joins the top

of the bell-shape. This is because trajectories starting on, and close to, the red line

Fig. 3.12: Illustration of a situation where the unconformity detection algorithm will iden-
tify a non-existing unconformity (red line).

will separate when hitting the top of the bell-shape. The lower trajectories will move

downwards along the bell-shape while the other trajectories continue horizontally.

Their starting location is then wrongfully identified as an unconformity.
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We have identified some scenarios where our presented algorithm is expected to have

a successful outcome and some where it is more likely to fail by false positives or false

negatives. Our algorithm is unique in the sense that no other existing unconformity

attribute address the data on a global scale. This, together with the fact that it

shows promising results in some of the above cases, makes our unconformity detection

method well worth further research.

3.2.3 Suggestions on Postprocessing - From Volumes to Ge-

ometric Surfaces

Ideally, the output volume of our pipeline for detecting unconformities in seismic

data is a collection of geometric surfaces. Such data could be input to a modeling

tool for creating reservoir models. The final stage of a professional pipeline should

include connecting the mapped points, outputted by the previous module, into poly-

gon meshes. This is a compact representation and quick to display compared to a

volume. Well established methods such as voxel labeling [MTHC03] or connected

component analysis [BGS00] would be adequate for this task. As mentioned in the

beginning of the chapter, we have not implemented this final stage of the pipeline,

instead we display the output of the algorithm directly using direct volume rendering

through raycasting.
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Chapter 4

Implementation

This chapter will detail the implementation of our program. It is implemented as a

set of plugins to VolumeShop. VolumeShop is an interactive prototyping framework

for visualization developed by Bruckner and Gröller [BG05]. Our plugins are writ-

ten in C++ and GL shading language (GLSL) and utilize OpenGL. The following

section (4.1) will address the VolumeShop framework, and Section 4.2 will briefly

cover the topic of programmable shaders which are used for controlling the GPU.

The implementation details of our plugins and shaders are given in Section 4.3.

4.1 Description of The VolumeShop Framework

VolumeShop is a dynamic GPU-accelerated system for visualizing volumetric data at

interactive frame rates. Many advanced illustrative rendering techniques are made

with this framework. Its plugin architecture makes it an efficient environment for

developing new visualization methods. Users create visualization components by

implementing plugins. Plugins are compiled against the VolumeShop core, which

defines the plugin interface and handles communication between the plugins.

Figure 4.1 shows a screenshot of the VolumeShop interface. The currently loaded

plugins can be seen to the right in the plugin tab, and an interactive visualization

of the data to the left. We set up this environment by adding a viewport, which

show the graphics, to the interface. A viewer holds information needed to translate

a 3D volume to the 2D viewport, and a compositor controls the assembling of the

volumetric objects that are displayed. The background is in itself a volumetric ob-
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Fig. 4.1: Screenshot of the VolumeShop interface.

ject [BG05]. The other plugins seen in Figure 4.1 are our plugins and we will return

to their functionality later in this chapter. All plugins added to the interface are

executed in succession from top to bottom, and their renderings are displayed in the

viewport in the same order.

4.2 GPU Programming

The use of GPUs for rendering is well known, but their massive computational power

may also be used for general parallel computations. Parallel algorithms running on

the GPU can achieve a great speed-up over similar CPU algorithms. Microsoft’s

DirectX and the open standard OpenGL are APIs for 2D and 3D rendering that take

advantage of hardware acceleration. CUDA and OpenCL are some of the existing

frameworks used with these APIs to write programs that are to be executed on the

GPU.
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Fig. 4.2: The graphics pipeline.

Modern graphics cards process data according to the graphics pipeline. The pipeline

contains the necessary steps to transform a representation of 3D primitives into a 2D

raster image that is rendered to the screen. The performed actions include vertex

transformations, color and connectivity computations, rasterization and interpola-

tion. Figure 4.2 is a simplified diagram of the graphics pipeline showing the parts

relevant to this thesis. The functionality of the stages shown in blue can be defined

by programmable shaders.

The vertex shader is executed in the first stage of the pipeline. The input is the

vertices constituting the 3D scene that is to be displayed. A vertex in this context

is a set of attributes such as location, color, normal, and texture coordinates. The

output of the vertex shader is used to assemble primitives in the next stage of the

pipeline. The primitives are rasterized and the fragment information is passed on to

the fragment shader. The fragment shader calculates a final color for every pixel on

the screen. When textures are used, the fragment shader is responsible for combining

pieces of the input fragment with texture samples. Typically, the fragment shader

will calculate lighting effects, but is not limited to this. The fact that it is executed

for each pixel simultaneously makes the fragment shader efficient for any type of

calculations that can be done in parallel. A color and opacity (RGBA) is output for

each fragment. The resulting image can be rendered to the display or to a texture via

a framebuffer. A framebuffer is a hardware-independent abstraction layer between the
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graphic operations and the video output. It reads from a memory buffer containing

a complete frame of data.

We load our seismic data volume onto the GPU into a 3D texture, hereafter referred

to as the data texture. To render our results, we input to our vertex shader four 3D

texture coordinates and four 3D vertex positions. The texture coordinates correspond

to the corners of a slice of the data texture. They are associated with the vertex

positions positioned in the four corners of the viewport. By setting the right texture

coordinates in the corners, we can render any slice through the 3D seismic data.

We use the fragment shader for performing complex calculations on the data in the

seismic slice.

4.3 Our Plugins and Shaders for Unconformity

Detection

We have implemented plugins and shaders that do the following operations: load

the data from file to the GPU, extract vector fields, smooth the data according to

its structures, map the surface probability, detect height ridges, render the images,

and export the data back to file. This section will first cover some memory man-

agement details, and then address the load-plugin and the generic filter-plugin. The

filter-plugin contains several shaders and is responsible for the greater part of the

functionality of our implementation.

4.3.1 Memory Management

We use OpenGL 3D textures to hold the data during the execution of the pipeline.

A texture contains up to four storage slots (called R, G, B and A channel) for every

voxel. Depending on the internal format, data put in a texture are formatted to
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integers in the range [0, 255] or with floating point precision in the range [0, 1]. We use

the internal format of GL RGBA32F. This means that every voxel has four channels,

each with a float represented with 32 bits precision. This is the highest precision

we can have for a texture. Although our pipeline outputs a 1-component selection

volume where the voxels are either on an unconformity or not, we use 4-channel

textures during processing. This is because the filter-plugins need as input, and

outputs more than one value. The R and G channels hold the x− and y-components

of our flow field vectors, and the B channels are used for various information at

each filtering stage. The A channels are set to the maximum value 1 throughout the

pipeline. A full opacity value assures that we can see the output from each filter

when it is displayed.

To acquire a data value from a texture, a 3D position is given for sampling. The

x−, y− and z-components of this position is in the range [0, 1]. If the given position

does not coincide with a data grid point in the texture, OpenGL will use the closest

data values around this position and interpolate them before the calculated value is

returned. Our textures are set up for trilinear interpolation.

4.3.2 The Load-plugin

The load-plugin loads the data from disk into the GPU memory. The input may

be a 1 to 4-component volume of floats or unsigned chars (integers in the range

[0, 255]). The load-plugin also initializes the ping-pong textures. These are the two

3D textures that hold the data during the following processing steps. When the

ping-pong textures are generated, they each get assigned an integer id that specify

their location in the graphics memory. This information is needed by other plugins

that will access the ping-pong textures for reading and writing. Therefore, we let

the load-plugin output the memory location integers in its interface. Variables in the

plugin interface slots can easily be linked across the plugins. The following filter-
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plugins will be linked to the texture id slots of the load-plugin and thereby informed

of the memory locations of which to read and write.

4.3.3 The Generic Filter-plugin

The filter-plugin is a generic plugin for processing a seismic slice. The specific filters

are implemented as shaders and added to this plugin. Only one shader can be chosen

for every instance of the filter-plugin. Therefore, one filter-plugin is added to the

VolumeShop interface for every filter applied to the volume. The memory locations

of the ping-pong textures must be linked in the interface to the right slots in the load-

plugin. It is important that the linking is done in an alternating manner for each

filter-plugin to ensure ping-ponging of writing. The out-texture in one filter-plugin

must be the in-texture in the next.

Figure 4.3 shows the user interface of the filter-plugin. The user chooses a filter

from a pull-down menu. This activates the respective shader. When the filter-

plugin is executed, the in-texture is bound and its memory location information is

passed on to the shader where the sampling occurs. The out-texture is bound to

a framebuffer in the rendering to texture procedure. The processed texture can be

viewed slice-wise, and the displayed slice is chosen by a slider. This is the current

slice. The sliders appear in the interface when the user clicks on a value (integer

or float number). Below the current slice, there are three more sliders for setting

different filter parameters. The meaning of the sliders depend on the chosen filter.

If the option to render to texture is off, only the current slice is processed. If the

option is activated, as many slices of the data texture as specified is processed. When

less than all slices are to be rendered, the filter-plugin will process consecutive slices

around the current slice. The option to process a subset of slices at each filter-plugin,

allows 3D filtering in preview mode. For fast processing in preview mode, we want

to process a minimum of slices. The minimum of slices that needs to be processed
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Fig. 4.3: The interface of the filter-plugin.

at each step varies when applying 3D filters. If two box filters of size 33 is used, the

first filter take 5 input slices to output 3, and the second filter use them to output 1

processed slice.

4.3.4 The Shaders for Flow Field Extraction and Smoothing

An extracted flow field should be everywhere parallel to the reflection layers in the

data. We use rotated gradients as the underlying vectors of our flow (as explained in

Section 1.4.2). Our flow field is 2D, so it has been sufficient to implement 2D filters

for calculating the gradients and smoothing the flow field. However, 3D filtering is

possible in GLSL, and our processing pipeline supports 3D filtering.

38



All calculations are saved with float precision in the R,G,B and A channels of the 3D

textures. The value of the vector components may vary in the range [−1, 1] during

calculations, but are scaled to the [0, 1] color range before it is rendered. This is

done so we can directly visualize the RGBA-vectors holding the flow field. A direct

visualization of the flow field is seen as a color field that varies according to the flow

vectors.

The Flow Field Extraction Shaders

We have implemented two alternative shaders for extracting the flow field. The

first shader finds the gradients using the central difference method. It looks up

four samples for every voxel. Two samples to calculate the x−component, and two

samples to calculate the y-component of the gradient. The gradient of position (x, y)

is found by:

Of(x, y) =

 d(x−r,y)−d(x+r,y)
2

d(x,y−r)−d(x,y+r)
2

 (4.1)

r is the distance between the samples. This parameter can be set by the user. A

greater distance can help avoid zero vectors in uniform areas. The simplicity and the

few samples makes this filter fast but quite sensitive to noise.

Our second flow field extraction shader utilizes a Sobel filter. This is more robust

than the previous method with respect to noise. It uses six samples in both the x

and y direction to calculate a gradient. The masks looks as follows:

Oy:


−1 −2 −1

0 0 0

1 2 1

 Ox:


1 0 −1

2 0 −2

1 0 −1

 (4.2)

Both of our flow field extraction shaders, rotate the calculated gradients. First

a 90◦ counterclockwise rotation is performed, (x, y) ⇒ (−y, x). If the resulting
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x−component is negative, the vector is again rotated 180◦, (x, y)⇒ (−x,−y).

The tangent is saved in the R and G channel for every voxel, and the gradient

magnitude is saved in the B channel. The reason for explicitly storing this magnitude

is that the initial gradient magnitude is used later by the structure oriented smoothing

filter which runs in several iterations. While the gradients change during the structure

oriented smoothing, their initial magnitudes are easily accessible in the b-components

of the flow field vectors.

The Shader for Structure Oriented Smoothing

To smooth the extracted vector field, we have implemented the bilateral filter of

Kang et al. [KLC09]. Kang et al. use this filter on images for extracting a vector

that field follows the edges in the image. They obtain the initial vector field by

rotating gradients 90◦, as we do. Their filter is defined as follows:

t′(x) =
1

k

∫ ∫
Ωµ

φ(x,y)t(y)ws(x,y)wm(x,y)wd(x,y)dy (4.3)

k is the vector normalizing term. x is the position of the kernel center ( x =

(xpos, ypos) ), and y represents all positions in the kernel. t′(x) is the smoothed

tangent vector output for position x. φ(x,y) is a sign function that temporarily

reverse the direction of the tangent t(y) if the angle between t(x) and t(y) is greater

than π/2. The weight functions ws, wm and wd relates to space, gradient magnitude

and tangent direction respectively.

The spatial weight function is defined by

ws(x,y) =


1 if ‖x− y‖ < µ

0 otherwise

(4.4)

where µ is the radius of the filter. This sets the size of the filter mask. A small mask
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will be more accurate in preserving edges than a large mask, but it will smooth the

vectors less. In our implementation, we connect the mask size to one of the GUI

sliders. The user can then decide the mask radius r with a maximum of r = 11

samples (voxels).

wm is a weight in the range [0, 1] that relates to the initial gradient magnitudes. g(x)

is the initial gradient of position x, and wm is found by

wm(x,y) =
‖g(y)‖ − ‖g(x)‖+ 1

2
(4.5)

This indicates that neighboring points with a greater gradient magnitude than that of

the center position x, gets bigger weights. It ensures the preservation of the dominant

edge directions. Every iteration of the filter uses the initial gradient magnitudes to

find wm. We continue to store this magnitude in the b−component of every voxel.

After the last iteration, the b−component will be set to zero.

The final weight wd, is the absolute value of the dot product of the normalized

tangents:

wd(x,y) = |t(x) · t(y)| (4.6)

Here, bigger weights are given the closer the two tangents align (with a maximum

of 1), and a weight of 0 is given when they are orthogonal. This promote smoothing

among similar orientations, and thereby preserve the corners in the underlying image.

This weight will also prevent smoothing across zero vectors. See [KLC09] for a more

detailed description.

Pseudecode for our implementation of the filter by Kang et al can be found in the

Appendix. The shader containing this filter executes a double for-loop that considers

every position within the filter mask. For every mask position, the according tangent

vector is sampled from the flow field and the calculations are done with regard to the

center position of the mask. The mean of the smoothed vectors at all mask positions
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is the new and smoothed tangent for the current position. This tangent is stored in

the R and G channel of the current voxel. The initial gradient magnitude (sampled

from the B channel of the center position), is again put in the B channel of the

current voxel.

The Shaders for General Smoothing

We have implemented two other shaders for smoothing for experimenting and iden-

tifying the best one. One consist of a Gaussian blur filter and the other is a basic

mean filter. The Gaussian mask is of size 7× 7 and the mean filter is a n× n mask

with odd sides. The user can set the size of the mean filter mask in the user interface

and can increase the Gaussian mask by using several filters after each other. These

filters can be used to smooth the data before the gradients are calculated. It will

eliminate some noise and minimize areas with zero gradients. The type and amount

of noise matters to which of these filters are the better choice. The filters may also be

used to smooth the resulting vector field. This is faster than the structure oriented

smoothing, but less accurate.

4.3.5 The FTLE Unconformity Detection Shaders

The FTLE unconformity detection shader holds the implementation of our uncon-

formity detection algorithm. In short, it calculates four trajectories in forward and

backward directions of the flow field, finds the greatest separation of the trajectories

by FTLE, and maps it to the R channel of center voxel of the seed positions. We

will now look at our methods for finding the trajectories, before our method for the

FTLE calculation are explained.
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The Methods for Calculating Trajectories in a Flow Field

Particles are advanced along the flow field by integration, and we are using the Runge

Kutta 4th order (RK4) integration method [JST81]. When choosing an integration

method, it is necessary to weigh the accuracy with the expenses of computation. If

the step size of the RK4 method is set to h, the error per step is in the order of h5,

while the total accumulated error has order h4. Because of the error accumulation, a

small step size is desirable. The user can set the step size and the number of steps the

particles advance along the vector field in the GUI and see the results immediately.

The balance between the accuracy of the method and the performance speed lies

in the choice of these two parameters. They also affect to what extent the data is

addressed locally or globally.

We have implemented a method called RK4 that uses the Runge Kutta 4th order

method to calculate the next position of a trajectory. The input is a position and a

step size. If the step size is positive, the next position is calculated from the forward

flow, if it is negative the flow vectors are turned in the opposite direction. Before

the RK4 method returns the new position, it checks if the new position is within the

boundaries of the flow field. If not, it returns its input position.

To find the last position of a trajectory, we have implemented a method called

GetEndOfPath. It uses the number of steps and the step size parameters set by the

user. As input it takes a starting position and a flow direction. The direction is either

−1 or 1, and this parameter is multiplied with the step size. The GetEndOfPath

method calls the RK4 method to find the next position of the trajectory. It contin-

ues to do this until the set number of steps is achieved or the RK4 method returns

its input position. Only the end position of the trajectory is needed in the further

calculations, so all the intermediate positions are discarded. The final output is a 3D

vector containing the end position and the number of performed steps. Pseudocode

for the GetEndOfPath method can be seen in the Appendix.
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The Method for Calculating the FTLE

Fig. 4.4: A flow map gradient is calculated from trajectory positions after n number of
trajectory steps. Trajectories are found by utilizing the Runge-Kutta 4th order method.

The finite-time Lyapunov exponent (FTLE) is a scalar value characterizing the rate

of separation between trajectories in a flow field. We briefly explained how the FTLE

Fig. 4.5: The right Cauchy-
Green deformation tensor is
found by left-multiplying the
Jacobian with its transpose.

is calculated in Section 2.3.1. We will repeat it here,

more in depth, and specify our implementation of the

procedure. Figure 4.4 illustrates how the distance

between particles seeded in a flow field may change

as they move with the flow over time. A steady flow

has a constant flow structure, and a particle seeded at

time t moves along the same trajectory as a particle

seeded from the same point at time t + n. In our

method we seed four particles for each voxel of the

volume. They are seeded in the formation of the gray

dots in Figure 4.4 but without the center dot. After

the particles are advanced along the flow field for an

equal number of steps, their new positions are used to calculate a flow field gradient.

The first-order partial derivatives constituting this gradient is the Jacobian matrix
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J. For position (u, v), J is defined as:

J =

∂u
∂x

∂u
∂y

∂v
∂x

∂v
∂y

 (4.7)

In Figure 4.4 is this gradient related to the position (xi,j(n), yi,j(n)). We will instead

relate it to the center voxel of the seed points. Therefore, we do not need to calculate

a trajectory from this center voxel. We calculate the Jacobian matrix as follows:

J =
1

2d

u1
x − u2

x v1
x − v2

x

u1
y − u2

y v1
y − v2

y

 (4.8)

where u1 and u2 are the end positions of the trajectories seeded close to the center

voxel in the x direction, and v1 and v2 the end positions of the trajectories seeded

close to the center voxel in the y direction. The x and y subscripts refers to the x−

and y−components. d is the distance showed in Figure 4.4.

Next, we left-multiply J with its transpose. This results in a rotation-independent

tensor called the right Cauchy-Green deformation tensor C. In mathematical terms,

C = JTJ. It is symmetric, and, by the spectral theorem, its eigenvalues are real and

its eigenvectors are mutually orthogonal. These eigenvectors define the principal axes

of C. The eigenvalues and the principal axis draw an ellipse as illustrated in Figure

4.5. We are interested in the major eigenvalue. If

C =

a c

c b

 (4.9)

the major eigenvalue λmax (C) is found by

λmax (C) =
t

2
+

√
t2

4
− h (4.10)
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where t = a+ b and h = ab− c2.

The major eigenvalue is used to calculate the FTLE as follows:

FTLE =
1

2n
lnλmax (C) (4.11)

n is the number of steps in the trajectories.

We have implemented the calculations above in one shader. Trajectories are calcu-

lated and the FTLE is found for both directions of the flow. The maximum of the

two FTLE values is stored in the R channel of the current voxel. Pseudocode for our

FTLE calculation method is to be found in the appendix.

The Methods for Trajectory and FTLE Calculations Extended to 3D

We have extended the implementation above to a method that work on the data

in 3 dimensions. We have implemented a shader, with a few amendments of the

above methods, that can be used for FTLE calculations in a 3D flow field. This

shader calculates six trajectories in each flow direction, instead of four. That is,

two more in the z-direction. Extending the Jacobian and the deformation tensor

calculations from 2D to 3D is straight forward, but finding the major eigenvalue is

more complex. For this we have used a GLSL method by Mario Hlawitschka of the

OpenWalnut Community [200]. The FTLE is calculated as in the 2D implementation

(see Equation 4.11).

Optimized Method for Calculating the FTLE

Our 2D FTLE method calculates four trajectories for every voxel. This means that

the trajectories are recalculated many times (see Figure 4.6). We have made an op-

timized implementation of our algorithm that calculates the trajectories only once

in each flow direction for every voxel. In this implementation, the trajectory calcu-
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lations and the FTLE calculations are done in separate shaders. The first shader

stores in every voxel the end position of the trajectory starting from that voxel, and

Fig. 4.6: There are many overlapping tra-
jectories when four particles are seeded
for every voxel.

the number of steps. Next, the shader re-

sponsible for the FTLE calculations samples

the end positions from the in-texture and

use them directly in the FTLE calculations.

There are three values for each flow direction

that must be stored when the trajectories are

calculated. The x− and y−component of the

end position and the number of steps. We

have only the four channels available. The

solution has been to choose either the for-

ward or backward flow direction when run-

ning the optimized implementation. The

flow direction may be chosen in the filter-

plugin interface. The disadvantage is that you only see “half the picture” when the

FTLE is found in just one flow direction. However, it is a good implementation for

parameter adjusting as it updates the displayed slice instantly.

4.3.6 The Shader for Extracting Height Ridges

To say that the FTLE is a mapping of the probability each voxel has to be on an

unconformity, is a partial truth. The Lagrangian coherent structure (LCS) borders is

defined as the height ridges of the FTLE field [Hal02]. These borders coincides with

unconformities in our flow field. Therefore, in local neighborhoods the FTLE values

can be seen as an unconformity probability. The height ridges will not have the same

values throughout the data, so we have implemented a simple height ridge extraction

shader. For each voxel the shader fetches two samples in the y direction. One on
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either side of the current voxel. The distance between the sampled positions can be

set from the user interface. The shader tests if both of the samples hold a smaller

FTLE value than the current voxel. If not, the same is done in the x direction. If the

test is positive in either the y or x direction, the current voxel is on a height ridge

and therefore stored as a selected voxel. After processing the FTLE field volume by

this shader we end up with a selection volume where the voxels are either on or off

(selected or not selected). The selected voxels constitute the detected unconformities.

Pseudocode for this method is found in the Appendix.
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Chapter 5

Results

In this chapter we show our results by looking at test sets processed by our pipeline.

For testing our algorithm, we have created 3D data sets from 2D seismic images since

we have not been able to obtain real seismic data volumes containing unconformities.

We have implemented image processing methods for smoothing the data and for

extracting a vector field. The test sets have been useful for testing our algorithm,

and for getting a feel of how our methods actually perform. Although we do not have

real 3D seismic data, our pipeline readily supports it.

Our test sets are created by stacking copies of seismic cross section images into

volumes. Our algorithm work on one slice at the time, and without a variation in

z-direction, we do of course get the same result throughout the volume. However,

producing test volumes instead of just running 2D image tests, assures that our

implementation is ready for 3D data. The first test sets resemble the images of the

thought cases in Section 3.2.2. We will check if our methods behave in practice

how we have predicted in Cahpter 3. For the second test, we have created a data

volume from the seismic image in van Hoek et al.’s article [vHGP10]. To determine

the accuracy of our algorithm, we need to know what we ideally should detect for

a real seismic example. Van Hoek et al. have included a manual interpretation of

the seismic data which will function as a reference. In the same section (Section 5.2)

we show output from each processing step, as well as results for different parameter

settings. For a basic test set with a variation in z direction, we procedurally created

a 3D vector field where the flow moves in different directions above and below a

delimiting surface. The result is presented in Section 5.3. The last section of this
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chapter give some performance details.

5.1 Synthetic Tests

We would like to see if our algorithm behaves as we expect in some simple situations.

On that account, we have created data sets resembling the synthetic scenarios of

Section 3.2.2, namely the figures 3.9 a) and c), 3.10 a) and d), and 3.12. For our

synthetic test sets we have used black lines to conceptually represent the reflection

layers. We have also blurred the images and thereby enabling them as input to our

pipeline. The blurring produces an image with representative gradients in every voxel

from the conceptual images. The following figures show data slices processed by our

pipeline. We have blended the output slice with the input slice. The green lines

are detected unconformities. The image each data set represents is included in the

figures over the appropriate output slice.

Fig. 5.1: The unconformity is rightfully detected in both tests.

The first two tests gave a successful outcome. Output slices are seen in Figure

5.1. A separation is detected when the trajectories are calculated in the flow moving

along the lines from left to right. When the calculations are done in the opposite flow
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direction, no separation is detected. Our algorithm looks for a separation in both flow

directions, so the unconformities are detected in these tests. The FTLE equation (Eq.

4.11) contains a normalizing factor, and therefore we also detect the unconformity in

the area close the the right edge of each data set. In b) the unconformity is detected,

although slightly wavy instead of straight. The reason is that the blurring of the

original image has created black circular areas at the bifurcations.

Fig. 5.2: a) The unconformity is rightfully detected in the parallel neighborhood. b) A
higher number of trajectory steps will result in an unconformity detection further into the
parallel area.

Figure 5.2 shows output slices from our next test set. As expected, the unconformity

were detected in the parallel area. In a) we let our algorithm calculate shorter

trajectories than in b). The results show that with enough number of trajectory steps,

the unconformity is detected throughout the parallel neighborhood. To detect the

full length of unconformities, we can fix the number of trajectory steps as a function

of the image resolution and the step size. This would assure a global addressing of

the data.

In the next two test sets, seen in Figure 5.3, we expected different unsuccessful

outcomes. In the first test, we expected our algorithm to result in a false negative

by not detecting an existing unconformity in a parallel neighborhood. Figure 5.3 a)
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Fig. 5.3: a) The unconformity is wrongfully not detected in the parallel area indicated by
a circle. b) A more successful outcome than expected. A false unconformity line is not
detected in this data set.

shows that our presumptions were right. Trajectories starting from positions close

to the unconformity in the parallel area will not separate in either flow direction.

Only the part of the unconformity laying within the non-parallel neighborhood was

detected in this test.

In the second test, we expected a false positive. This data set contains lines repre-

senting bell-shaped reflection layers below an area of horizontal layers. We predicted

our algorithm to wrongly detect a non-existing horizontal unconformity joining the

top of the bell-shape. Surprisingly, our method rightfully detected the unconformity

without additionally detecting the expected false positives (see Figure 5.3 b)). There

are some minor false positives in form of dots above the unconformity, but no false

unconformity lines. The dots looks to coincide with the black areas of the bifurcations

and are likely to be attributed to the way we have created the synthetic data.

To investigate this further, we created a vector field similar to that extracted by our

pipeline in last test set above (Figure 5.3 b)). This vector field does not contain the

artifacts at the bifurcations that the initial blurring has created in the above test sets.
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Fig. 5.4: a) The input vector field. b) The underlying vectors indicated by short lines.
c) Output from our unconformity detection algorithm in one flow direction (indicated by
an arrow). The unconformity is rightfully detected. In addition, false positives above and
within (green area) the half circle is wrongfully detected.

Figure 5.4 a) shows a slice of the volume containing our vector field. The vectors

are stored in the R and G channels of a texture, and are therefore seen as colors.

In b) we have added short lines that indicate the underlying vector field. c) shows

a resulting slice from processing this data set by our unconformity algorithm in on

flow direction. The unconformity is rightfully detected. Since the data is processed

in only one flow direction, we conclude that close particles moving upward along the

edge of the half circle will separate after they have reached the highest point.

Because of the interpolation that occurs when we sample the data, close particles
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may become slightly separated in this vector field. With two horizontally aligned

particles, the left most particle is more affected by vectors to the left than the right

particle, which is more affected by the vectors to the right. Within the half circle,

this will result in a slight separation. Particles seeded in the green area will move

upward, and many will reach the half circle edge and continue along it. The false

positive we see in this area is detected since close particles seeded along the false

positive line will separate slightly on there way towards the half circle edge. There

they will continue along trajectories that separate after the highest point of the edge.

The wrongfully detected unconformity seen as a horizontal line, shows the output we

expected in Section 3.2.2. Here, it is the vertically aligned particles, seeded close to

the false positive, that are responsible for the detected separation. The lower particle

will hit the top point of the half circle and continue downward along its edge, while

the higher particle will move horizontally.

5.2 Seismic Test

Fig. 5.5: A seismic cross section containing unconformities.

Figure 5.5 shows the seismic image we use in this test. The data in the center is a

seismic cross section containing several unconformities. The first processing step is to
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extract a flow field. We use a Sobel mask to obtain the gradients which we then rotate.

In the gray, uniform area of this data set, the gradients will be zero. Hence, our flow

field is not defined here. This is not a problem, as we are not looking to extract any

information from this area. Within the part of the test set containing the seismic data,

the gradients are well defined in most voxels. However, the pattern of the data may

cause the Sobel mask to result in zero gradients in some voxels. This is a problem

for our algorithm. Any trajectory hitting a single voxel with a zero vector will

Fig. 5.6: a) The tangent vector field found by rotating vectors extracted by a Sobel filter.
b) The tangent vector field after smoothing by a 3 × 3 mean filter. c) The result after
performing SOF on a) and then normalizing all vectors to length 1. d) The result after
performing SOF on b) and then normalizing all vectors to length 1.

55



Fig. 5.7: a) Output after one itera-
tion of the SOF. b) Output after two
iterations of the SOF. c) Output af-
ter three iterations of the SOF.

stop. This will causes close trajectories to sepa-

rate which results in false positives for our algo-

rithm. We smooth our flow vectors by the struc-

ture oriented filter (SOF) by Kang et al., how-

ever, this filter does not smooth away the zero

vectors. Therefore, we have found it necessary to

smooth the extracted vector field by a 3×3 mean

filter before we apply the SOF. The effect on the

flow field, with and without the use of the mean

filter, can be seen in Figure 5.6 c) and d).

The unnormalized tangents seen in Figure 5.6 a)

and b) have a purple hue because the magnitude

of every vector is explicitly stored in the B chan-

nel of the voxel holding that vector. The SOF

is an iterative filter. It can be applied several

times to get the wished result. Each iteration use

the initial gradient magnitudes in its calculations,

which is why we have stored these magnitudes in

the B channels. After the last SOF iteration, the

initial gradient magnitudes are no longer needed

and the B channels are set to zero. The vectors

are also normalized to 1. By this we avoid our

algorithm to result in false positives attributed to

a separation of close particles that move at differ-

ent speeds. We achieve good results with three

iterations of the SOF. Figure 5.7 show the out-

put from applying the SOF one, two, and three

times. We have used a mask size of 5× 5 for every iteration.
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Fig. 5.8: One trajectory is calculated from each voxel. The end position is mapped to the
R and G channel of the starting voxel. The number of steps are mapped to the B channel.
a) The flow moves from right to left. b) The flow moves from left to right.

We now have a well defined flow field in the area containing the seismic data. The

next processing step is to calculate trajectories in this flow field. To be able to show

output from this processing step, we have used our optimized implementation where

the trajectory and the FTLE calculations are done in two different instances of a

filter-plugin. We can then display the output texture holding the results from the

trajectory calculations. In this implementation, the trajectories and the FTLE are

found in one flow direction at the time. We show the output from each flow direction

in separate images. The flow directions are indicated by arrows.

A trajectory is calculated from every voxel in the data. Figure 5.8 shows a color map-

ping of every trajectory’s end position to its starting position. The (x, y) coordinates

of an end position is put in the R and G channel of the trajectory’s starting voxel.

The number of trajectory steps is stored in the B channel. Outside the defined flow

field, the seeded particles do not move. Here, the B channel is zero and the R and

G channels contain the (x, y) coordinates of its own voxel. Consequently, the color

map seen outside the flow field is the same as the side of a color cube. The black
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Fig. 5.9: The rate of separation of trajectories seeded one voxel apart is calculated by FTLE
and mapped to the R channel a) in the backward flow and b) in the forward flow.

corner voxel stores the coordinates (0, 0), and the (1, 1) coordinates are stored in the

yellow corner voxel. Before storing the number of performed steps in the B channel,

we scale this number to the [0, 1] range. Within the flow field, we thus get a bluish

color. Towards the edge of the image, the blue color gets weaker as the trajectories

will have a decreasing number of steps the closer to the edge of the flow field that

particle is seeded. In Figure 5.8 the number of trajectory steps is set to 500, and the

step size is 0.1. Although subtle, it is possible to see some variations in the color

map of the flow field that differ from the otherwise continuous change.

Next in our algorithm, we calculate the FTLE. Figure 5.9 shows the output from the

FTLE calculations mapped to the R channel of every voxel. The end positions are

here sampled from the in-texture at a distance of one voxel. The number of steps

used as a scaling factor of FTLE is sampled from the same position as the mapped

voxel. A more intense red color means a greater separation between the trajectories

starting from that voxel. We have set the R channel to 1 outside the defined flow

field although no separation occurs here.

The borders of the Lagrangian Coherent structures (LCS) in a flow field is the height
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Fig. 5.10: Output from our unconformity detection pipeline.

Fig. 5.11: Reference image. The unconformities are manually enhanced by dotted lines.

ridges of the FTLE field [Hal02]. In the color map above (Figure 5.9) we can easily

see height ridges in the higher ranges of the FTLE values. However, it is not the

voxels with the globally highest intensity that we look for, but the voxels with the

highest intensity in a local neighborhood. Therefore we process the FTLE volumes

by ridge extraction. For a co-visualization together with the input data, we output

the height ridges blended with the original seismic image. A resulting slice can be

seen in Figure 5.10. Extraction in both flow directions are present in this image. The

reference image from van Hoek et al.’s [vHGP10] article is included for comparison
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(Figure 5.11). We can see that the LCS borders of our flow field coincides with the

unconformities in most voxels. A few false positives and false negatives are also seen.

However, it is a good chance that a better height ridge extraction algorithm and

optimized parameter settings will give even better results than our output in Figure

5.10. Our method for extracting the height ridges considers only three or five samples

for each voxel, and it does not account for varying widths of the ridge structures.

Therefore, it is possible that improving our height ridge method would result in a

more accurate detection of the unconformities.

5.2.1 Different Parameter Settings

Different parameter settings for our unconformity detection algorithm gave different

results. Figure 5.12 and 5.13 show the output slices of six different parameter settings.

For a better overview, the different parameter settings are presented in a table.

Figure 5.12(a) 5.12(b) 5.12(c) 5.12(d) 5.13(a) 5.13(b)

Num. Steps 50 150 1000 1000 10 175

Step Size 0.8 0.8 0.1 0.1 5 0.5

Seeding Radius 0.5 0.5 5 0.5 0.1 1

The difference between the first two output slices is the number of trajectory steps,

a) has a step number of 50 and b) has a step number of 150. The size of the data slice

is 256×256. 150 steps with a step size of 0.8 means that the trajectories extend over

an area of 120 voxels, about half the width of the image. Figure 5.12 b) show more

rightfully detected unconformities than a), but also more false positives. However,

in the area towards the lower right of the data in a) is an unconformity rightfully

detected that is not present in b). It is probable that the higher number of steps

has lead to a rejoining of particles that were separated at on point, and thus this

unconformity is not detected in b).
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Fig. 5.12: a) The result from using 50 trajectory steps. b) The result from using 150
trajectory steps. c) The trajectories are calculated with high precision and a seeding radius
of 5. d) The trajectories are calculated with high precision and a seeding radius of 0.5

In c) and d) are the length of the trajectories 100 voxels, 20 voxels shorter than in

b), but calculated with a step size that give a higher precision. The difference of c)

and d) is the distance between the seeded particles. In c) the particles are seeded

10 voxels apart in the x and y directions. In d) this distance is 1 voxel. The higher

precision settings in d) resulted in no false positives, but many false negatives. c)

contains both false negatives and false positives, but had an overall better outcome

than d).
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Fig. 5.13: a) The result from using inaccurate trajectory calculations with a seeding radius
of 0.1. b) The best result found by trial and error.

In Figure 5.13 a) we used more inaccurate parameter settings for the trajectory

calculations. We used few (10) trajectory steps and a large step size of 5. For the

seeding radius we used an accurate setting of 0.1. These settings gave the least false

negatives, but also many false positives. A trial and error approach revealed that

the best parameter settings for this data set were in the midrange of the presented

settings. The result can be seen in Figure 5.13 b). A setting of 175 for the number

of trajectory steps, a steps size of 0.5 and a seeding radius of 1 was used.

5.3 3D test

To test our pipeline on 3D data, we stacked copies of the test images into volumes.

Our pipeline processes all slices or a subset of slices at each processing stage. In the

previous sections we have only looked at output slices. Figure 5.14 shows a volume

that has been processed by our pipeline and visualized by raycasting in VolumeShop.

A slice of the original data is blended with the visualized selection volume. We have

used a seismic cross section image and stacked it into a volume of size 512×512×64.

This volume was processed by our unconformity detection pipeline, where the output
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Fig. 5.14: A selection volume output from our pipeline visualized in VolumeShop. A slice
of the input data is blended with the output volume.

is a selection volume containing the detected unconformities. The input volume does

not have any variation in z direction, so neither do the detected surfaces. We do

not have a qualified interpretation of this seismic cross section, and can therefore not

comment on whether the detected unconformities are rightfully detected or not.

Fig. 5.15: A slice of our 3D vector field test set.

The final test set presented in this thesis, is a procedurally created 3D vector field

that varies in z direction. This test volume contains two sections of different vec-

tors. Figure 5.15 show a slice of this volume with added black lines to indicate the

underlying vectors. The vectors in the blue area have a greater z-component than

the vectors in the red area. The size of this data set is 2563. It was made to test the
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Fig. 5.16: A detected surface visualized in
VolumeShop.

implementation of our unconformity al-

gorithm that work on the data in 3D.

However, the 2D implementation of

the unconformity detection algorithm

gave the same result as the 3D im-

plementation on this test set. The

surface was successfully detected by

our 3D unconformity detection method

(see Figure 5.16). We have visualized

the resulting selection volume in Vol-

umeShop blended with one of the input

slices.

5.4 Performance

The tests of this chapter were done on a machine with an NV IDIA GeForce GTX

295 graphics card with 896 MB texture memory and an IntelR CoreTM 2 Duo pro-

cessor with 2GB ram. The below table gives an overview of the running times of

processing the data sets by our unconformity detection pipeline. The data is pro-

cessed as described in Section 5.2. We have included running times for the optimized

and the unoptimized method for data sets of two different sizes.

Slice Size 256× 256 512× 512

Trajectory Steps 1000 1000

(Step Size 0.1)

Seconds pr Slice
(
sec
s

)
1.59 2.94

Optimized Method
(
sec
s

)
Both Flow Directions

0.28 0.58
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Chapter 6

Summary and Conclusions

This thesis has presented two results. One general pipeline for processing seismic

data with all calculations done on the GPU, and algorithms on top of the pipline

for detecting unconformities in seismic data. The unconformity detection implemen-

tation is a specialized form of the general pipeline. Both results are described in

Chapter 3. The major algorithmic focus has been to develop a new unconformity

detection method that address the data on a global scale. A global approach will

facilitate unconformity detection where local methods fail, namely in neighborhoods

of parallel horizons. It can lighten the workload of interpreting seismic data and aid

the search for stratigraphic hydrocarbon traps.

We have implemented the general pipeline and used it as a base for our implementa-

tion of the unconformity detection method. The implementation details can be found

in Chapter 4. The pipelines are implemented as a set of plugins for the VolumeShop

framework. Two 3D textures located on the GPU are utilized for reading and writ-

ing, and the data is moved back an forth between these textures while filtered. Most

of the data processing is done by our general filter-plugin. The specific filters are im-

plemented as shaders within this plugin. This program architecture allows tweaking

of filter parameters in real-time.

Our unconformity detection method first extracts a flow field representation of the

data. This flow field is smoothed according to its structures. We have implemented

image processing methods for the extraction and smoothing. Gradients are calculated

by a central difference or a Sobel mask, and rotated to tangent the horizons. We have

found it necessary to smooth the vector field by a mean filter before the structure
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oriented smoothing is done. The reason is that we get zero gradients in some voxels

and the structure oriented smoothing filter will not smooth across these zero vectors.

Particles are seeded in the flow field, and their trajectories calculated. To find a

scalar value that characterizes the amount of stretching around a trajectory, FTLE

is calculated from the final positions of close trajectories. Finally, the height ridges

of the FTLE field is extracted. These height ridges can be considered as borders of

LCS, and they coincide with unconformities in seismic data that has been processed

by our flow extraction procedure.

We have made two different implementations of the unconformity detection algo-

rithm. One where the trajectory calculations and FTLE calculations are done in the

same shader, and a more optimized implementation that divides these operations into

two different shaders. The optimization is based on calculating the trajectories only

once for every voxel, opposed to calculating a set of trajectories for every voxel. The

disadvantage with the faster method is that the processing is done in only one flow

direction at the time. Hence, the user will have to inspect two different volumes to see

all the detected unconformities. Although, one can easily add an extra pass for com-

bining these two volumes. The slower method outputs the detected unconformities

from both flow directions in the same volume.

The implementation of our unconformity technique has shown a promising outcome

in several tests. We successfully detected the unconformity throughout a parallel

area when the algorithm was run globally. In a different synthetic test set, the

unconformity was not detected in the parallel area. The reason was that the data

set contained horizons that were parallel in one area and converging in the next.

The unconformity was only detected in the non-parallel area of this data set. In yet

another test set, containing bell-shaped horizons, the unconformity was rightfully

detected. Here the seeded particles moved through an area of converging horizons

and into an area of diverging horizons.
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When we tested our algorithm on a volume created from a seismic cross section image,

the unconformities were detected for the most part. We also got some false positives

and some false negatives. The false positives were seen in an area where the horizons

were not parallel although they belonged to the same sedimentary unit. The false

negatives occurred were closely seeded particles would not separate at any time.

Our algorithm depends on user-defined settings for these parameters: number of

trajectory steps, step size, and the seeding radius of a particle set. In Section 5.2.1

we showed that different parameter settings gave quite different results. The number

of steps together with the step size decides to what degree the data is address locally

or globally. The step size together with the seeding radius defines the accuracy of

the calculations. In one test set we saw that too much accuracy gave false negatives

while not enough accuracy resulted in false positives. At this stage, we can not say

anything definite about good or bad parameter settings. We can only conclude that

what is good parameter settings depends on the data itself, and is best found by trial

and error. Which is well supported in our pipeline that enables interactive parameter

adjustment. Many parameters is not special to our algorithm, many other methods

also require the setting of several parameters [201].

6.1 Future Work

Large Data

For processing actual seismic data volumes, a few improvements to the pipeline are

needed. Seismic data sets are often very large in size, and it would not be possible

to load such volumes in their entirety onto the GPU. A method for processing large

data sets in sequence, such as stream-processing, is necessary.
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True 3D Feature Extraction

We extract a 2D flow field in our pipeline, and by that we lose the information

inherent in the z−components of the horizon gradients. For our test sets, this has

not been an issue, but with real seismic data, a gradient reduction from 3D to 2D

may remove relevant information. The algorithm could be improved by processing

the data twice in orthogonal directions. Hence, the information that is lost in one

processing direction is picked up in the other.

Alternatively, we could extend the 2D trajectories into 3D surfaces and use a surface

difference measure for finding the degree of separation.

Better Segmentation

A more advanced height ridge extraction algorithm than the one we have implemented

could improve our unconformity detection method. For example could a watershed

algorithm be used. A better algorithm for this processing step could detect more

height ridges in the FTLE field, and thereby detect more unconformities.

Optimization

Optimization have not been our focus in this thesis, however, different optimization

measures could be implemented to reduce processing times. The filtered AMR ridge

extraction method [SP07] mentioned in Section2.3.1 is only one example that would

result in a speed-up of our unconformity detection pipeline.
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Appendix

Algorithm 1 SOF for smoothing the vector field

Input: the current position
Output: the smoothed tangent, the initial gradient magnitude

tangent← flowSample(currentPosition)
for 1→ maskSizeX do

for 1→ maskSizeY do
tmpPosition← nextPositonInMask
tmpTangent← flowSample(tmpPosition)
if tangent · tmpTangent ≥ 0 then

φ← 1
else

φ← −1
end if
wm ← gradientMagnitude(currentPosition)−gradientMagnitude(tmpPosition)+1

2

wd = |normalize(tangent) · normalize(tmpTangent)|
smoothedV ec← smoothedV ec+ φ× tmpTangent× wm × wd

k ← k + 1
end for

end for
currentV oxel.RG← smoothedV ec/k
currentV oxel.B ← tangent.B . The initial gradient magnitude



Algorithm 2 Get End of Path

Input: the start position, a flow direction (either -1 or 1)
Output: the end position of a trajectory, number of steps in the trajectory

s← stepSize× direction
while i < maxSteps and update = true do

tmpPosition← RK4(currentPosition, s)
if tmpPosition = currentPosition then

update← false
else

currentPostion← tmpPosition
end if
i← i+ 1

end while
currentV oxel.RG← currentPosition
currentV oxel.B ← i . The performed number of trajectory steps

Algorithm 3 Calculate FTLE

Input: the current position
Output: the maximum FTLE value

endPositionsArray [8]← InitPathEndArray(currentPosition)
for i = 1→ 2 do . For both directions of the flow

J← calculate the Jacobian matrix from the endPositions
C← JTJ
λ← majorEigenvalue(C)
FTLEtmp [i]← 1

2n
lnλ

end for
FTLE ← max(FTLEtmp [1] , FTLEtmp [2])
currentV oxel.R = FTLE
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Algorithm 4 Height Ridges

Input: the current position
Output: the current voxel as selected or not selected

heightRidge← false
sample1← sample(currentPosition+ dy)
sample2← sample(currentPosition− dy)
if FTLE(sample1) and FTLE(sample2) < FTLE(currentPosition) then

heightRidge← true
end if
if heigthRidge = false then

sample1← sample(currentPosition+ dx)
sample2← sample(currentPosition− dx)
if FTLE(sample1) and FTLE(sample2) < FTLE(currentPosition) then

heightRidge← true
end if

end if
if heightRidge = true then

currentV oxel = selected
else

currentV oxel = notSelected
end if
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