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Abstract—This paper discusses on the use of Spline Interpolation
and Mean Square Error (MSE) as tools to process data acquired from
the developed simulator that shall replicate sea bed logging environ-
ment. Sea bed logging (SBL) is a new technique that uses marine
controlled source electromagnetic (CSEM) sounding technique and is
proven to be very successful in detecting and characterizing hydrocar-
bon reservoirs in deep water area by using resistivity contrasts. It uses
very low frequency of 0.1Hz to 10 Hz to obtain greater wavelength.
In this work the in house built simulator was used and was provided
with predefined parameters and the transmitted frequency was varied
for sediment thickness of 1000m to 4000m for environment with and
without hydrocarbon. From series of simulations, synthetics data were
generated. These data were interpolated using Spline interpolation
technique (degree of three) and mean square error (MSE) were
calculated between original data and interpolated data. Comparisons
were made by studying the trends and relationship between frequency
and sediment thickness based on the MSE calculated. It was found
that the MSE was on increasing trends in the set up that has the
presence of hydrocarbon in the setting than the one without. The MSE
was also on decreasing trends as sediment thickness was increased
and with higher transmitted frequency.

Keywords—Spline Interpolation, Mean Square Error, Sea Bed
Logging, Controlled Source Electromagnetic

I. INTRODUCTION

THE use of controlled source electromagnetic (CSEM)
method in hydrocarbon exploration has gained tremen-

dous interest to oil and gas exploration companies and is
called sea bed logging (SBL). This technique is based on
resistivity contrasts due to the fact that hydrocarbon reservoir
is known to have high resistivity while saline water formations
are very conductive. This technique was introduced by [1-2]
and since then the concept has been embraced with enthusiasm
by the exploration industry, mainly as a tool for assessing
the resistivity of targets identified by seismic surveys prior to
drilling [3]. SBL technique is as depicted in Figure 1 [4]. It
uses horizontal electric dipole (HED) which is towed about
30m above the sea floor by the vessel. The transmitter emits a
low frequency electromagnetic (EM) signal that couples with
the surrounding water and then into the underlying seabed
and downwards. Array of magnetic and electric receivers are
placed at the predetermined locations.
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Fig. 1. Sea Bed Logging Environment [4]

The overburden sediments are effectively partial conductors,
the penetration of EM field is limited by skin depth particularly
with high frequency fields. In practice, this means that a low
frequency EM signal must be generated typically between
0.25 to 10Hz to allow penetration to 2,500 to 3,000 m
into the subsurface [4]. If position of hydrocarbon is deeper
than 3000m, frequency of lower than 0.25Hz is required.
The transmitter is towed 10km before the first receiver and
ends about 10km after the last receiver. This ensures that all
receivers have active source data with source-receiver offsets
of 10km [5]. When the source-receiver distance is larger than
reservoir depth, energy from the resistive layer will dominate
the directly transmitted energy. Therefore, the direct energy
transmitted through seawater dominates the recordings only at
short source-receiver offsets. The air-wave (down going field)
dominance depends on the source frequency, seawater depth,
seawater and subsurface resistivity distribution, and source-
receiver distances. In high-resistivity subsurface layers (20
to 1000 Ωm), EM energy propagates at a higher velocity as
guided waves with less attenuation and is transmitted back (up
going field) to the receivers at the seafloor. The up going field
from a high resistivity subsurface layer will dominate over
directly transmitted energy, when the source-receiver offset is
comparable to or greater than approximately twice the depth
to this layer from the seafloor [6]. Detection of this anomalous
dispersion energy is the basis of SBL as depicted in Figure1.

In dealing with the EM signal collected, numerical tech-
niques are often used to investigate initial information on
the quantity and location of hydrocarbon reservoir. The most
common ones are Finite element method (FEM), Finite differ-
ence method (FDM), Transmission line matrix (TLM) method,
Method of moment (MOM), Boundary element method (BEM)
and etc [7]. These techniques involve complicated mathemati-
cal procedures therefore require good computing facility. In
this paper, authors are discussing on the use of numerical
technique called Spline Interpolation with mean square error to
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distinguish signals that contain hydrocarbon information than
the one that has none. Spline interpolation does not require
high end computing facility and having simple mathematical
procedures. Synthetics data are generated from simulator by
varying sediments thickness and at frequency of 1Hz, 0.25Hz
and 0.125Hz.

II. THEORETICAL BACKGROUND

A. Sea Bed Logging

Seabed logging is using an active electromagnetic (EM)
sounding technique in detecting subsurface hydrocarbon by
transmitting low frequency EM waves (typically 0.01 to
10Hz). From [8], the receivers record the EM responses as a
combination of energy pathways including signal transmitted
directly through seawater, reflection and refraction via the sea-
water interface, refraction and reflection along the sea bed and
reflection and refraction via possible high resistivity subsurface
layers.

B. Low Frequency EM Waves

From [6] the propagation (α) and attenuation (β) constants
in conductive medium for frequencies below 105 Hz are
defined as

α = β =

√
ωμσ

2
(1)

where ω, μ and σ represent angular frequency, magnetic per-
meability and conductivity, respectively. Due to non magnetic
rocks in sedimentary basins then μ =μ0 (magnetic permeability
in free-space). Due to this, in the case of fixed geometry, EM
energy attenuation depends only on frequency, conductivity
and source-receiver distance. The rate of attenuation of a
diffusing EM wave in a conductive medium is often described
in terms of plane-wave skin depth given as in (2).

δ =

√
2

ωμσ
(2)

Where ω is the angular frequency, σ is the conductivity
of the medium in which EM waves propagate and μ0 the
permeability of free space of value 4π x 10−7H/m [9]. Skin
depth is defined as the distance at which an EM plane wave
will be attenuated to 1/e of its original value. In conductive
media at low frequency, the skin depth is related to the
wavelength via (3).

λ = 2πδ (3)

Skin depth shows how far the EM wave penetrates into the
medium. It is large for high resistive medium and has less
attenuation compared to low resistive medium. Similarly if
the skin depth is shorter the response of electric or magnetic
field is decreased. In SBL the low frequency is used to get
less attenuation and more skin depth to get the response of
electric or magnetic field from high resistive medium [10].

Reflection is when waves, whether physical or electromag-
netic, bounce from a surface back toward the source. A mirror
reflects the image of the observer. Whereas Refraction is when

waves, whether physical or electromagnetic, are deflected
when the waves go through a substance. The wave generally
changes the angle of its general direction [11].

C. Simulator

In the last fifty years computer modeling and simulation
has dominated the study of hydrocarbon reservoirs behavior
especially in SBL application in deep water environment. The
common one is a simulator which requires some founda-
tion knowledge on mathematics and programming and good
knowledge on electromagnetic behavior on the reservoir. The
developed simulator shall be used as a platform to conduct
simulation work based on determined physical aspects and
behavior of the reservoir to achieve certain objectives. Syn-
thetics data shall be generated from this simulator. A good
simulator should produce results that match earlier production
and other reservoir parameters called history matching. The
developed physical models shall also be used to study certain
phenomenon such as effect of airwave, sediment thickness, sea
water levels and etc. [8],[12]. In this paper simulator developed
by [13] is used to generate the synthetics data developed
using MATLAB GUI and programming. The environment is
assumed to be free from external disturbances, no bathymetry
effect, no various shapes of hydrocarbon reservoirs as well as
other aspects which we may find in real sea bed.

D. Spline Interpolation

A spline function consists of polynomial pieces on subin-
tervals joined together with certain continuity conditions. Sup-
pose points, x1, x2, x3, ........, xn have been specified and sat-
isfy x1 < x2 < x3........ < xn. These points are called knots
and suppose also that an integer k > 0 has been prescribed. A
spline function of degree k having knots x1, x2, x3, ........, xn
is a function S such that

a. On each interval [xi−1, xi] is a polynomial of degree ≤ k
b. S has a continuous k st derivative on [xi, xn] .
A spline of degree 0 is piecewise constants, a spline of

degree 1 is a linear function, a spline of degree 2 is quadratic
and a cubic spline is of degree 3. The essential idea of a spline
is to provide a cubic equation connecting any two adjacent data
points or to fit piecewise function of the form

S(x) =

⎧⎪⎪⎨
⎪⎪⎩

So(x) x ∈ [x0, x1]
S1(x) x ∈ [x1, x2]
.......... ..........

Sn−1(x) x ∈ [xn−1, xn]

(4)

where Si is a third degree polynomial defined by

Si(x) = ai(x− xi)
3 + bi(x− xi)

2 + ci(x− xi) + di (5)

and the first and second derivatives of these equations are the
fundamental to this process and as shown in (6) and (7) below.

S
′
i(x) = 3ai(x− xi)

2 + 2bi(x− xi) + ci (6)

Si(x) = 6ai(x− xi) + 2bi (7)
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Fig. 2. Developed SBL Simulator

for i = 1, 2, ........, n − 1. Spline interpolation is not a new
technique in signal/image processing and data visualization
techniques. It provides a unifying framework for linking
the continuous and discrete domains. It is well understood
theoretically and is ideally suited for performing numerical
computations [15]. This makes it a perfect tool for solving
a whole variety of signal and image processing (or pattern
recognition) problems that are best formulated in the contin-
uous domain but call for a discrete solution [16-19].

E. Mean Square Error

In statistics, the mean square error or MSE of an estimator
is one of many ways to quantify the difference between an
estimator and the true value of the quantity being estimated
or the difference between the forecasts and observations. MSE
is a risk function, corresponding to the expected value of
the squared error loss or quadratic loss. MSE measures the
average of the square of the ”error.” The error is the amount by
which the estimator differs from the quantity to be estimated.
The difference occurs because of randomness or because the
estimator doesn’t account for information that could produce a
more accurate estimate [20]. The MSE of an estimator θ̂ with
respect to the estimated parameter θ is defined as

MSE(θ̂) = E[(θ̂ − θ)2]. (8)

III. METHODOLOGY

Simulator from [13] is depicted as in Figure 2 is used to
generate synthetics data for this work. Many assumptions are
being made while conducting this simulation as mentioned
in the previous section. This simulator shall be used for
hydrocarbon mapping and to generate electromagnetic waves
components. Hydrocarbon reservoir can be positioned at any
desired location with any length, thickness and suitable x co-
ordinate position. Sea water depth, sediments and hydrocarbon
thickness as well as model length can be set in this simulator.
Source is where the transmitter is placed above the sea bed.
There are 11 receivers with first receiver is placed at origin
(position 0m) and they are separated by 1km apart. These
receivers shall receive combination of EM waves or energy.
Table 1 tabulated all the parameters used and supplied to the
simulator for this work.

The simulation started with no hydrocarbon and continued
with hydrocarbon positioned at 4500m from the first receiver

TABLE I
PARAMETERS USED IN VARIATION OF OVERBURDEN/SEDIMENT

THICKNESS

Parameters Value
Seawater Depth 1000 m
Sediment Thickness Varied
Hydrocarbon Thickness 400 m
Sea Water Resistivity 0.33Ωm
Sediment Resistivity 2Ωm
Hydrocarbon Resistivity 250Ωm
Hydrocarbon Length 2000 m
X Coordinate of HC 4500 m
Amplitude 100 V / m
Frequency 1Hz / 0.25Hz/ 0.125Hz
Focus Receiver Receiver 7

Fig. 3. Plane Layer Model of Sea Bed Logging

(the origin) with 2000m length. This means that the hydrocar-
bon is located directly underneath of receiver 6 and receiver
7. Sediment or overburden thickness is varied gradually from
1000m to 4000m, which indicates that hydrocarbon locations
are also varied accordingly. Three frequencies are used in the
simulations, 1Hz, 0.25Hz and 0.125Hz. Figure 3 shows the
plane layer model of the sea bed logging environment used
for this work.

These simulations and spline interpolation and MSE calcu-
lations are performed using minimum specification desk top
computer that has low computing power.

IV. RESULTS AND DISCUSIONS

Simulations were carried out based on parameters and set
up discussed in the previous section. Synthetics data were
generated from the simulations with variation of sediment
thickness at three different frequencies. These synthetics data
were interpolated and mean square errors were calculated
between original and interpolated data. Table 2, Table 3
and Table 4 show the MSE calculated for signals that have
hydrocarbon and signals with no hydrocarbon at frequency of
1Hz, 0.25Hz and 0.125Hz respectively.

From the results obtained in Table 2, Table 3 and Table 4,
the MSE calculated are on decreasing trends as the sediment
thickness are increased for all the three frequencies. From
eqn. (3) wavelength is inversely proportional to the transmitted
frequency, therefore at 1kHz, the maximum distance the EM
waves can penetrate is 1km, at 0.5Hz the maximum distance is
2km and at 0.125Hz the maximum distance is 8km. Due to this
at frequency of 1Hz, as sediment thickness is increased to more
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Table2: MSE for Variation of Overburden at 1.0Hz
Frequency

Table3: MSE for Variation of Overburden at 0.5 Hz
Frequency

than 1500m, the percentage of MSE difference is becoming
smaller and at 2500m onwards they become insignificant. At
frequency of 0.5Hz, percentage of MSE different becomes
smaller at sediment thickness of 2500m and become insignifi-
cant as sediment thickness is 3000m and above. For frequency
of 0.125Hz, percentage of MSE difference is still significant
even at 4000m sediment thickness. Also observed here in Table
2, Table 3 and Table 4 are that when there is no hydrocarbon
in the set up, the percentages of MSE are consistent for all
sediment thickness. It means that the MSE readings remain
the same as sediment thicknesses are increased gradually for
all the three frequencies with no hydrocarbon in the set up.

These percentages of MSE difference can be well observed
in graph as in Figure 4. At frequency of 0.125Hz the per-
centage of MSE different is decreasing minimally as sediment
thickness is reaching 4000m. For frequency of 1.0Hz the
reading or the percentage of MSE drops significantly at 2000m
and becomes almost non existence for sediment thickness of
above 2000m. For frequency of 0.5Hz the reading or the
percentage of MSE decreasing minimally from 1000m to
2500m and becomes non existence for sediment thickness of
3000m and above.

MSE results obtained after Spline interpolations were ap-
plied to the data that have hydrocarbon and to the data that
have no hydrocarbon have shown very high percentage dif-

Table4: MSE for Variation of Overburden at 0.125Hz
Frequency

Table4: MSE for Variation of Overburden at 0.125Hz
Frequency

Figure 4: Percentage of MSE Difference for sediment
thickness variation at frequency of 0.125Hz, 1.0Hz and

0.5Hz respectively

ferent among them. These findings were very impressive and
gave good indication on the suitability of Spline interpolation
and MSE in processing the CSEM data. Other impressive
findings were all the Spline interpolation and MSE calculations
and simulations were conducted with very minimum time
even though low computer specifications were used. Each
simulation and computation was performed in few seconds
only.

V. CONCLUSION

The significance of this work is demonstrating use of Spline
interpolation technique with mean square error (MSE) in
distinguishing data that have information on hydrocarbon to
the data that no hydrocarbon. Combinations of these two
techniques have produced impressive results/findings and have
shown that at higher frequency the skin depth or wave pene-
tration is lower than the lower frequency. The most important
thing here was all the computations were conducted on lower
specification computer facility and each computation was con-
ducted in very short time. With these findings, geophysicists
shall consider a suitable frequency that is suitable for the target
depth that they are looking for and to minimize the resources
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and cost in conducting the survey and processing the acquired
data.
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