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Summary
We introduce a dimension-adaptive Galerkin-based library for the fast simulation of logging-while-drilling (LWD)
and deep azimuthal borehole resistivity measurements. The library enables the merging of simulation problems
with different spatial dimensionality (1.5D, 2.5D, and/or 3D) and provides their solution with a single algorithmic platform. As a first step toward the fast inversion of geophysical data, this paper focuses on the rapid
simulations of 1.5D and 2.5D borehole resistivity measurements.
For the case of 2.5D simulations, we accurately simulate any field component on a sequential computer employing
below one second per logging position. In addition, it is expected for the CPU time to be further reduced to
below 0.1 seconds per logging position in a modest 128-core parallel computer when calculating all measured
components associated with a tri-axial logging instrument. Furthermore, because the solution is obtained via
a Galerkin method, derivatives (sensitivity functions) needed by gradient-based inverse methods are easily and
rapidly computed using an adjoint-based formulation.
Keywords: fast simulation, forward modeling, inversion, Galerkin methods, borehole resistivity measurements,
LWD.

Introduction
Logging-while-drilling (LWD) and/or deep azimuthal
resistivity measurements are routinely acquired at
multiple positions along one or several well trajectories to estimate images of the spatial-temporal distribution of electrical conductivity in the subsurface.
The recorded data are subsequently post-processed
using inversion methods, which typically require the
repeated solution of thousands 3D forward problems.
From the computational point of view, this task is
often prohibitively taxing in CPU and computermemory resources.
As a partial remedy to the above problem, several authors have proposed to reduce the dimensionality of
the simulation problem, leading to either 1.5D (see,
e.g. (Pardo & Torres-Verdín, 2015)) or 2.5D problems (see, e.g. (Rodríguez-Rozas & Pardo, 2016)).
However, we notice that accuracy and efficiency can
only be simultaneously attained by adjusting the dimensionality of the problem at each logging position.
Indeed, it is often the case that most measurements
can be simulated in a 1.5D context, while it is necessary the use of 2.5D or even 3D simulations nearby
geological faults and/or other complex rock formation
structures.

In this work, we developed a general dimensionally
adaptive library based on Galerkin methods that enables simulations of 1D, 1.5D, 2D, 2.5D, and 3D electromagnetic (EM) problems. The library handles
problems with different spatial dimensionality using
the same simulation platform. Moreover, we have applied it in 1.5D and 2.5D (Rodríguez-Rozas & Pardo,
2016) for the efficient simulation of borehole resistivity measurements. These measurements are inverted
using a Newton method described in (Pardo & TorresVerdín, 2015; Bakr, Pardo, & Torres-Verdín, 2016).
Formulation of the forward problem and apparent resistivities
The magnetic field H is given as the solution of:
∇ × (σ̂ −1 ∇ × H) + jωµ H = −Mimp ,

(1)

over an unbounded, anisotropic medium, with proper
decaying conditions at infinity [(Rothwell & Cloud,
2010)]. In the above, H is magnetic field, j is imaginary unit, µ is the free-space magnetic permeability
tensor, σ̂ := (σ + jωε), σ is the piecewise-constant
conductivity tensor of the medium, (ρ = σ −1 is
the resistivity tensor of the medium), ε = ε0 ≈
8.85 × 10−12 F/m is the constant permittivity of
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the medium, ω = 2πf is angular frequency, and f
is the frequency of operation of the transmitter. Finally, Mimp is the time-harmonic directed magnetic
dipole source excited by the tri-axial transmitter coils
mounted on the logging instrument. We subsequently
post-process the solution to evaluate the so-called apparent resistivities of the formation by means of the
attenuation and the phase difference (phase shift).
For the case of a LWD instrument equipped with two
receivers Rx1 and Rx2 , attenuation and phase differences for the co-axial component (Hzz ) are obtained
by taking the real and the imaginary parts, respectively, of the following (nonlinear) quantity of interest
(QoI)
Hzz (Rx1 )
Hzz (Rx2 )
= log Hzz (Rx1 ) − log Hzz (Rx2 ).

material properties are homogeneous along one spatial direction. Consequently, the original 3D problem
is replaced by a sequence of 2D uncoupled problems.
In our method, we further optimize the efficiency of
2.5D simulations by incorporating the following features in our numerical algorithm:

1. We subdivide the well trajectory into sections
composed of multiple logging positions (typically, 25, see Fig. 1). Within each section, we
fix a single computational grid so that the system of linear equations is factorized only once.

qzz (H) = log

(2)

Other components can be calculated in analogous
fashion.
Dimensionally Adaptive Method
(DAM)
It is often possible to reduce the dimensionality of a
borehole resistivity simulation problem without compromising significantly the accuracy of the solution.
However, nearby geological faults and other complex
structures, an ad hoc reduction of the dimensionality
may induce large modeling errors. Building a robust
method to automatically discern the dimensionality
of a given problem at a particular logging position is
still under investigation. In this work, however, we
document preliminary results providing insights toward the automatic selection of the dimensionality
for a given subproblem. To that end, we consider
a 2D formation that contains a geological fault, and
compare 1.5D vs. 2.5D results.
1.5D method
Our library provides a method to compute semianalytical solutions [(Kong, 1972)] as well as a numerical Galerkin method. Both methods are efficient
and may be equally employed in the simulation. The
advantage of using a numerical method is that it allows us to readily compute derivatives needed for the
inversion using the adjoint formulation.
2.5D method
In the 2.5D formulation [(Shen & Sun, 2008;
Abubakar et al., 2006)], the dimensionality of the forward problem is reduced under the assumption that

2. In terms of element sizes, we employ nonuniform tensor product grids composed of
quadrilateral elements (Fig. 1). Smaller elements are selected in the tensor product zones
surrounding the location of the logging instrument. In terms of the polynomial order of
approximation, we employ non-tensor product
adaptive grids with higher number of unknowns
in the proximity of the logging instrument.

Figure 1: Computational grids associated with two
different sections of a logging trajectory. At
every element, the darker the blue color, the
higher the polynomial order of approximation.

3. We employ different grids for different Fourier
modes (see Fig. 2). Additionally, because we
only need accurate results at receiver locations,
we simulate a few modes via Galerkin simulations, while the remaining ones are interpolated
in the logarithmic scale, saving up to 58% of
the total computational time (see [(RodríguezRozas & Pardo, 2016)]).
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Figure 3: Model problem with a geological fault.
Frequency of operation of the LWD tool: 2
MHz. Dip angle: 80 degrees.

Figure 2: Real part of Hzz corresponding to different Fourier mode numbers: 0 (top-left), 3 (topright), 6 (bottom-left), and 10 (bottom-right).
The higher the Fourier mode, the smaller the
support of the electromagnetic (EM) fields.

4. We compute each Fourier mode and each trajectory section on a different core. Our load balancing scheduling leads to almost perfect parallel scalability that enables a drastic reduction
of the total computational time.
Additionally, we compute derivatives of the measurements with respect to material properties. Such
derivatives are needed for inversion. Because the acquired measurements are given by a nonlinear combinations of the magnetic field at various receiver positions, the computation of derivatives requires the
solution of several adjoint problems (as many as the
number of receivers).

Numerical results
For the well trajectory and model problem shown in
Figure 3, Figure 4 describes the simulated attenuation and phase apparent resistivities of the co-axial
component of an LWD commercial instrument operating at 2 MHz. We observe a good agreement between 1.5D and 2.5D simulations everywhere except
in the proximity of the geological fault, as physically
expected. Each 2.5D curve is composed of 100 logging positions and it has been simulated in approximately 62 CPU seconds using a MacBook Pro laptop
equipped with a 3 GHz Intel I7 processor, i.e., in less
than 1 second per logging position.

Figure 4: LWD resistivity log at 2 MHz corresponding to the model problem of Fig. 3

Conclusions and future work
We developed a library for the rapid simulation of
1D, 1.5D, 2D, 2.5D, and 3D borehole measurements.
Preliminary 1.5D and 2.5D simulation results confirm the flexibility and efficiency of the library-based
algorithm. Specifically, we simulate 2.5D LWD resistivity measurements on a laptop using less than
one second per logging position. Moreover, the developed multidimensional Galerkin-based method allows
us to readily compute the corresponding derivatives
(sensitivity functions) employed by gradient based inversion methods, which are necessary for the accurate interpretation of measurements acquired when
arbitrary well trajectories penetrate spatially complex media.
As future work, the 2.5D software will be executed
on a 128-core machine, where we expect to compute
all components of the electromagnetic fields and their
derivatives at a rate below 0.1 seconds per logging position. We will also combine it with 3D simulations
when needed to improve the accuracy of the calculations. The library also enables one to combine subdomains of different dimensionality within the same
simulation, which is an important feature of the sim3/4
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ulation algorithm in the context of inversion-based,
automatic interpretation.

Acknowledgments

The work reported in this paper was funded by
The University of Texas at Austin’s Research Consortium on Formation Evaluation, jointly sponsored
by Anadarko, Aramco, Baker-Hughes, BHP Billiton,
BP, China Oilfield Services LTD., ConocoPhillips,
DEA, Det Norske, ENI, ExxonMobil, Hess, Inpex, Paradigm, Petrobras, Repsol, Schlumberger,
Shell, Southwestern, Statoil, TOTAL, Wintershall
and Woodside Petroleum Limited. Authors were
also partially funded by the European Union’s Horizon 2020 research and innovation programme under the Marie Sklodowska-Curie grant agreement No
644602, the Project of the Spanish Ministry of Economy and Competitiveness with reference MTM201340824-P, MTM2016-76329-R, MTM2016-81697-ERC,
the BCAM “Severo Ochoa” accreditation of excellence
SEV-2013-0323, and the Basque Government through
the BERC 2014-2017 program, the Consolidated
Research Group Grant IT649-13 on “Mathematical
Modeling, Simulation, and Industrial Applications
(M2SI)”, the ICERMAR Project KK-2015/0000097,
and the “Juan de la Cierva 2013” research grant No
FPDI-2013-17098.

REFERENCES
Abubakar, A., Habashy, T., Druskin, V., Alumbaugh,
D., Zerelli, A., & Knizhnerman, L. (2006, October). Two-and-half-dimensional forward and
inverse modeling for marine csem problems.
In 2006 SEG Annual Meeting. New Orleans,
Louisiana.
Bakr, S., Pardo, D., & Torres-Verdín, C. (2016).
Fast inversion of logging-while-drilling resistivity measurements acquired in multiple wells. In
press at Geophysics.
Kong, J. A. (1972). Electromagnetic fields due to
dipole antennas over stratified anisotropic media. Geophysics, 37, 985–996.
Pardo, D., & Torres-Verdín, C. (2015). Fast 1D inversion of logging-while-drilling resistivity measurements for improved estimation of formation
resistivity in high-angle and horizontal wells.
Geophysics, 80 (2), E111–E124.
Rodríguez-Rozas, Á., & Pardo, D. (2016). A priori
Fourier analysis for 2.5D finite elements simulations of logging-while-drilling (LWD) resistivity
measurements. Procedia Computer Science, 80,
782 - 791. (International Conference on Computational Science 2016 (ICCS 2016), San Diego,
California, USA)
Rothwell, E. J., & Cloud, M. J. (2010). Electromagnetics. Taylor & Francis.
Shen, J., & Sun, W. (2008). 2.5-D modeling of crosshole electromagnetic measurement by finite element method. Petroleum Science, 5 (2), 126134.

4/4

