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ABSTRACT
We discuss a robust method for optimal oil probe path planning inspired by medical imaging. Horizontal wells require
three-dimensional steering made possible by the rotary steerable capabilities of the system, which allows the hole to
intersect multiple target shale gas zones. Horizontal "legs" can be over a mile long; the longer the exposure length, the
more oil and natural gas is drained and the faster it can flow. More oil and natural gas can be produced with fewer wells
and less surface disturbance. Horizontal drilling can help producers tap oil and natural gas deposits under surface areas
where a vertical well cannot be drilled, such as under developed or environmentally sensitive areas. Drilling creates well
paths which have multiple twists and turns to try to hit multiple accumulations from a single well location. Our
algorithm can be used to augment current state of the art methods. Our goal is to obtain a 3D path with nodes describing
the optimal route to the destination. This algorithm works with BIG data and saves cost in planning for probe insertion.
Our solution may be able to help increase the energy extracted vs. input energy.
Keywords: Oil Probe Pathology, Steerable Oil Probe, Shale Modeling
1.

INTRODUCTION

Horizontal drilling starts with a vertical well that turns horizontal within the reservoir rock in order to expose more open
hole to the reservoir. These horizontal “legs” can be over a mile long; the longer the exposure length, the more oil and
natural gas is drained and the faster it can flow. Horizontal wells are attractive because they can be used in situations
where conventional drilling is impossible or cost effective, reduce surface disturbance by requiring less wells to reach
the reservoir, and can produce as much as 15 to 20 times as much oil and gas compared to a vertical well. Sometimes oil
and natural gas reserves are located in separate layers [13].
Multilateral drilling allows operators to branch out from the main well to tap reserves at different depths. This
dramatically increases production from a single well and reduces the number of wells drilled on the surface. Extended
reach drills allow producers to reach deposits that are great distances away from the drilling rig. This can help producers
tap oil and natural gas deposits under surface areas where a vertical well cannot be drilled, such as under developed or
environmentally sensitive areas. Wells can now reach out over 5 miles from the surface location and, dozens of wells
can be drilled from a single location, reducing surface impacts. Complex well paths can have multiple twists and turns to
try to hit multiple accumulations from a single well location. Using this technology can be more cost effective and
produce less waste and surface impacts than drilling multiple wells as shown in Figure 1 [13].
In addition to currently used metrics such as porosity, permeability, and thickness, the geological setting is important to
finding the best well path. Horizontal drilling is a critical component of successful asset development in unconventional
oil and gas plays and complex stratiographic-controlled reservoirs. Path planning needs to account for localized
anomalies, reservoir heterogeneities, the effects of surrounding formations or fractures. The integrated solution leads to a
multi-disciplinary decision process. The challenge of producing hydrocarbons economically from increasingly complex
unconventional reservoirs drives the need for well path and engineering design optimization at every stage of the
planning and drilling process [3].
Some current approaches to oil probe path planning are supervised classification, neural networks, and fluid flow
dynamics. Our algorithm could be used to augment these technologies and depends on current shale modeling
capabilities.
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Figure 1. Complex Horizontal Well Profiles [5] and [8].
2.

SEISMIC DATA

Seismic refraction utilizes acoustic waves generated by an impact or small explosive source to measure depths to
bedrock or layers of sedimentary rock and to infer faults or fractures. Seismic responses are plotted through distance
along the geophone array to identify individual layers, and to compute layer thicknesses and seismic velocities. Specific
geologic conditions, such as bedrock fractures or valleys, may be interpreted directly from these time-distance plots or
by using several seismic modeling techniques. Low-velocity zones and thin strata may be undetected using older
interpretive methods, such as the crossover distance technique [17].
Hydrocarbon industry relies heavily on seismic data processing packages to facilitate the discovery of new oil and gas
traps. The richness and robustness of computational functions which represent the reflection seismological methods
determine the practicality of a software package. Reflection seismology is defined as, the method of Exploration
Geophysics using the principle of signal wave propagation through the Earth subsurface, to estimate the properties of
Earth. Reflection seismology is often used during geological mapping to map structures underneath the Earth surface.
Geological mapping often uses acoustic signals or echoes to propagate deeply beneath the Earth surface. In a typical
geological mapping operation, artificial signals are produced from vibrating devices, called vibroseis, such as ground
hammer and water gun. Signals generated from vibroseis travel beneath the earth and bounce back to the surface of the
earth where they are gathered by receivers. The series of signal-reflection-times produced from this event are recorded to
construct an image of the Earth subsurface [1].
The goal of many seismic data processing packages is to produce clear seismic time images. Seismic data processing
packages perform a series of analysis and data manipulations, such as noise filtering, validation and rectification of
signal reflection point, to finally construct clear seismic time image. The image represents the Earth properties, such as
seismic lines or faults, contours and color intensities, which will then assist geophysical experts to predict the possible
existence of hydrocarbon traps. However, the processing of large seismic datasets to produce seismic images is often
computationally exhaustive. A small scale seismic dataset will usually contain nothing less than 24 million signal
reflections. Intensive mathematical calculation needs to be performed on each signal reflection to validate a signal
reflection point [1].
Seismic attributes are a measurable property of seismic data, such as amplitude, dip, frequency, phase and polarity.
Attributes can be measured at one instant in time or over a time window, and may be measured on a single trace, on a set
of traces or on a surface interpreted from seismic data. Seismic attributes allows interpreters to obtain the more
information from seismic data [11].
3.

GROUND PENETRATING RADAR

Ground Penetrating Radar (GPR) is capable of resolving shallow subsurface features of less than 100 feet in great detail
similar to reflection seismic data, but at a much higher resolution and at shallower depths. GPR has a vertical resolution
of a few decimeters to one meter (compared with 10 meters for seismic sensor collect) depending on the characteristic
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frequency [14]. GPR uses a high frequency radio signal that is transmitted into the ground and reflected signals are
returned to the receiver and stored on digital media. The computer measures the time taken for a pulse to travel to and
from the target which indicates its depth and location. The reflected signals are interpreted by the system and displayed.
In order to find the location and depth of an object, buried subsurface, various types of GPR equipment are used to
collect the data. The type of GPR equipment required is dependent on the depth and size of the target to be located. The
radar unit emits and receives reflected signals up to a thousand times per second. These signals are viewed by the field
operator on location immediate analysis and are also stored in the system and downloaded to a computer for further data
analysis if required [9].
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Figure 2. GPR Survey System [7].

Because radar responses are caused by the physical property contrasts between sandstone and shale, the GPR reflections
provide useful information about the shale occurrence. It is more accurate to combine ground-penetrating data with well
data to simulate shale distribution. Three dimensional GPR data sets provides a unique source to examine the effects of
fine-scale geologic variability in three dimensions, because the GPR reflection geometries are caused by contrasts in
stratal properties, flow paths and barrier geometries are well-preserved. GPR data has provided high-resolution 3D
images of fluvial reservoirs, and can be used to improve models of deltaic reservoirs. GPR amplitude and frequency
have some correlation with shale occurrence. GPR can be imported into strataconforming reservoir simulation grids to
estimate effective properties and predict recovery behavior. Figure 2 shows a simplified diagram of a GPR survey
system. The traditional methods of GPR data collection and processing are similar to single channel seismic reflection
methods. One difference between GPR data and seismic reflection data is the range of 100MHz to 1MHz compared with
10-100 Hz for seismic methods [7].
One of the most commonly asked questions, is how deep can GPR detect objects. In most cases an estimated depth range
can be determined with accuracy based upon the subsurface material and the frequency of the GPR antenna.
Applications which require deep penetration in ground soil requires a lower frequency (12.5 MHz to 500 MHz).
Depending on the subsurface material the depth range can be from a few inches to thousands of feet, as indicated in
Figure 3 [9].
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Figure 3. GPR Depth Chart [9]
4.

SHALE MODELING

Fractures have a big impact on oil production but are inherently difficult to quantify. The flow rate is dependent on the
permeability of the shale. Desirable attributes are length, spacing, and connectivity [16]. Our workflow solution to
extract shale fractures is shown in Figure 4. The key components of this process are remote sensing, data conversion,
volumetric processing and visualization. This information in the 3D models may be used to predict the improved cost
and increased oil output. We leverage technology from geospatial remote sensing applications. Modeling of below
ground fractures is very similar to modeling surface scenes from Light Detection and Ranging (LiDAR) or
Interferometric Synthetic Aperture Radar (IFSAR) aerial data collections.
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Figure 4. Shale Fracture Extraction Workflow Overview
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Volumetric processing
p
con
nsists of a 3D edge detectorr and blob filteer. The blob filter
f
finds all fractures with a given
intensity threeshold that aree connected with a minimum
m size. The bloob filter consiiders all eight neighbors in the
t local
neighborhoodd around each voxel in the fracture.
f
Extraccted fractures can be exporteed to all the standard 3D forrmats for
visualizationn as shown in Figure
F
5. The total
t
processingg time on SUN
N Blade Dual Processor
P
is lesss than eight hours
h
per
512x512x5122 voxel space. However proocessing time with a GPGP
PU is much faster. Using GP
PGPU processsing, our
current achieeved fractal finding and patterrn labeling opeeration with 1000 million poinnts is approximately 30 seconds.

F
Figure
5. Shale Fracture
F
Featuree Extraction

The main components of th
he flow exploit our 3D edge and 3D blob filters.
f
The edgge detector looks in three dim
mensions
i the feature space. The blob filter finds all fractures with a given intensity
i
to return edgge strength forr each voxel in
threshold thaat are connected
d with a minim
mum size.
Although oriiginally design
ned for rapidly transforming 3D
3 geometric scenes into pixxels on the image plane (screeen) and
extensively used
u
in video games, GPUss can be regardded as massivvely parallel veector processors suitable forr general
purpose com
mputing. Known as general purpose
p
GPUs (GPGPUs), thheir tremendouus computationnal power and memory
bandwidth make
m
them attraactive for appliications far beyyond the originnal goal of renndering compleex 3D scenes, and
a they
have been ussed for a wide range
r
of appliccations [6].
GPUs are asssuming a morre prominent role
r
in PC systtem architectuure. GPUs deliiver more costt-effective and energyefficient perfformance for applications
a
thaat need it. NVIIDIA’s next-geeneration CUD
DA architecturee (code namedd Fermi),
is the latest and
a greatest ex
xpression of thiis trend. With many
m
times thee performance of any convenntional CPU onn parallel
software, andd new features to make it eassier for softwarre developers to
t realize the full
f potential of the hardwaree, Fermibased GPUs will bring sup
percomputer performance to more users thhan ever beforee. GPUs have become more flexible
and program
mmable such ass NVIDIA’s CUDA
C
which is
i considerablyy faster than a CPU based algorithm.
a
Eacch Fermi
GPU is equippped with an L2
L cache (768K
KB in size for a 512-core chipp) as shown inn Figure 6. Thee L2 cache covers GPU
local DRAM
M as well as sysstem memory [6].
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Figure 6. Overview of the GK110 Kepler GPU Architecture
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The Fermi generation CUDA architecture is the most advanced GPU computing architecture ever built. With over three
mE 41
billion transistors and featuring up to 512 CUDA cores, Fermi
delivers supercomputing features and performance at
1/10th the cost of traditional CPU-only servers [6].
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GRAPH FORMATION

A graph G consist of two sets V and E. The set V is a finite, nonempty set of vertices. The set E is a set of pairs of
vertices called edges. The notations V(G) and E(G) represents the sets of vertices and edges respectively, of graph G.
We also write G=(V,E) to represent a graph. In and undirected graph the pair of vertices representing any edge is
unordered. Thus the pairs (u,v) and (v,u) represent the same edge.
A path from vertex u to vertex v in graph G is a sequence of vertices u, i1, i2, …,ik,v such that (u,i1),(i1,i2),…,(ik,v). In an
undirected graph G, two vertices u and v are said to be connected if there is a path in G from u to v.
Let G=(V,E) be a graph of n vertices, n>=1. The adjacency matrix of G is a two-dimensional n x n array say a, with the
property that a[i,j]=1 if the edge (i,j) is in E(G). The element a[i,j]=0 if there is no edge in G.
Graphs can be used to represent a highway structure, with vertices representing cities, and edges representing highway.
The edges can then be assigned weights which may be the distance between the two nodes. The starting vertex of the
path is referred to as the source, and the last vertex the destination. Cost Minimization of sum of edge weight from
source to destination node. The shortest path is the desired output. Figure 7 shows our system flow processing diagram.

Figure 7. System Flow Diagram

In order to generate a graph matrix, each point is assigned an index and a “K” square adjacency matrix is created. Edge
weights are based on Euclidean distance. Our algorithm is similar to Dijkstra’s shortest path algorithm [4]. However we
have extended our algorithm to 3D and constrained the rate of turning of probe to 8 degrees per 100 feet to match real
world applications. For a given source node in the graph, the algorithm finds the path with lowest cost or shortest path
between that node and every other node.
It can also be used for finding costs of shortest paths from a single node to a single destination node. Similar to the
traveling salesman problem [15], if the nodes of the graph represent cities and edge path costs represent driving distances
between pairs of cities connected by a direct road, Dijkstra's algorithm can be used to find the shortest route between one
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city and all other cities. Figure 8 shows an analogous graph with the nodes representing shale structure and the distance
between each node is displayed on each line segment.

Figure 8. Graph Matrix
6.

RESULTS

Horizontal drilling starts with a vertical well that turns horizontal within the reservoir rock in order to expose more open
hole to the oil. These horizontal "legs" can be over a mile long; the longer the exposure length, the more oil and natural
gas is drained and the faster it can flow. More oil and natural gas can be produced with fewer wells and less surface
disturbance. However, the technology only can be employed in certain locations. Extended Reach Drilling allows
producers to reach deposits that are great distances away from the drilling rig. This can help producers tap oil and natural
gas deposits under surface areas where a vertical well cannot be drilled, such as under developed or environmentally
sensitive areas. Wells can now reach out over 5 miles from the surface location. Offshore, the use of extended reach
drilling allows producers to reach accumulations far from offshore platforms, minimizing the number of platforms
needed to produce all the oil and gas. Onshore, dozens of wells can be drilled from a single location, reducing surface
impacts. Complex Path Drilling creates well paths which have multiple twists and turns to try to hit multiple
accumulations from a single well location. Using this technology can be more cost effective and produce less waste and
surface impacts than drilling multiple wells [12].
Maximizing reservoir productivity, particularly in unconventional and mature fields, is dependent upon complex well
architectures designed to expose as much of the reservoir as possible to the wellbore. Because the pipe that drives oil
drills is surprisingly flexible, a horizontal well can snake around to reach isolated pockets or follow a reservoir winding
across terrain.
Our test data set is from the open source data from White River Mine in Utah. We processed 245 slices in the volume
consisting of 8 bit intensity point data extracted from 244x250 pixel images. Each voxel or three dimensional pixel in
this sample is measured in microns.
Our process uses computed tomography (CT) as the remote sensor to collect the volumetric data for the shale samples.
The presence of fractures is an important to establish porosity in the sample. Our goal is to quantify the number, size,
and vertical distance of the fractures. The presence of fractures is an important for optimizing recoverable oil to be
extracted in an area of interest [2].
The adjacency matrix for this data set is shown in Figure 9. The adjacency matrix shows the maximum Euclidian
distance costs in bright for all possible points in the data set.
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Steerable oil probes systems allows for optimal directional drilling. Steerable drilling systems allow for improved
penetration rates because there are no stationary components to create friction that reduces efficiency. Drilling
directional wells with a rotary steerable system results in a smoother wellbore. This results from constant rotation and
deflecting the drillstring through adjustments downhole. Thousands of miles of hole have been drilled using steerable oil
probes at depths of more than 2600 meters. The accuracy for drilling is +/- 8 inches for 6 inch holes. Steerability control
is up to 8 degrees per 100 feet. The rate of drilling is more than 67 feet per hour. The well required three-dimensional
steering made possible by the rotary steerable capabilities of the system, which allowed the hole to intersect multiple
target zones. In one case, the use of this drilling system saved 8.42 days off drilling curve when compared to similar
wellbore section [10].
7.

CONCLUSION

Our solution provides fast optimal path planning and leverages existing capabilities. We utilize 3D shale fracture points,
and fractals as keypoints within the shale structure. This works with BIG data and saves cost in planning for probe
insertion. Optimal path planning increases the energy extracted vs. input energy.
We have presented a novel method for demonstrating and quantifying the optimal path that a steerable oil probe could
use. Our method allows a field engineer to make calculation with the data. So far we have performed processing on
several different shale samples. Optimal path modeling techniques can be used to estimate cost savings and increased
recoverable barrels from potential oil reserves. Our process increases the energy returned on energy invested (EROI) by
assisting with calculating best drill path. Future work would be to perform calculations on increase in oil liquid flow rate
due to fracturing.
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