A Parallel Processing Algorithm for Gravity Inversion
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Abstract: The paper presents results of using MPI parallel processing for the 3D inversion
of gravity anomalies seen from a geophysical point of view. The work is done under the FP7
project HP-SEE (http://www.hp-see.eu/). The inversion of geophysical anomalies remains a
challenge, and the use of parallel processing can be a tool to achieve better results,
“compensating” the complexity of the ill-posed problem of inversion with the increase of
volume of calculations. We used a simple iterative algorithm, in each step incrementing the
mass density of a single cuboid element of the 3D geosection that gives the best
approximation of residual anomaly. Analyzed results from simple synthetic models as well as
from complicated field data showed that inverted bodies have sharp contrast with the
surrounding medium, while for multi-body anomalies in depth sections tend to join in a
single body.

Introduction
In framework of FP7 project HP-SEE we have experimented the gravity anomaly inversion in
parallel systems using OpenMP and MPI parallelization techniques (computational physics

application =~ GIM  —  Geophysical =~ Modeling &  Inversion,  http:/wiki.hp-
see.eu/index.php/GIM).

The geophysical inversion [1] remains a difficult ill-posed problem [2], which requires for its
solution the the extrapolation of data from a 2D surveyed surface anomaly to a 3D geosection
representing the delineation of differentiated geological structures. Decades of work are
dedicated to the inversion problem, with solutions obtained mostly for 2D geosections in
certain conditions ([3], [4]). Recently the paralel processing is used in several cases as in [5],
[6]. Due to the “ill-posed” problem, solutions remain “uncertain” [7]. An example of this
uncertainty is presented in the inversion of a two cuboid bodies model in [8]: there is lack of
contrast between inverted body and the surrounding rocks, and a ireal “syncline structure”
joining the two bodies (Fig. 1).
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Fig. 1 — Two body model inversion from [6]

Our work had two directions: to analyze the scalability of the algorithm in parallel systems in
time domain, and to evaluate the quality of approximation of inverted solutions. A detailed
analysis of the scalability is presented in a number of publications [9],[10],[11],[12],[13]. In
the actual paper we focused more on geophysical aspects of the problem.
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Methodology

We selected the gravity as the simplest case of physical fields from calculation point of view
[14]. The algorithm idea is obtained from the CLEAN algorithm [15]. We considered the 3D
geosection as an array of cuboid elements represented by their central node where the mass of
the cuboid is concentrated (Fig. 2).

Fig. 2 — 3D geosection model

The algorithm works iteratively, starting from the initial homogeneous geosection with mass
density zero. In each iteration the best 3D node is selected, which anomaly shape gives the
best approximation of the residual anomaly; the mass density of this node is updated with a
predefined quantity (mass density step) and the effect of the change is subtracted from the
residual anomaly. A predefined maximal mass density was applied. Error calculation for the
approximation of the surface anomaly was done using the weighted least squares error within
a window into the respective 2D array of data.

The iterations continue until some termination criteria is fulfilled. Two termination criteria
were experimented: the anomaly approximation error became less than a predefined
threshold, or until the required change of the mass density for the best 3D node was less than
half of mass density step. It resulted that there was no significant difference of results
obtained with each of termination criteria.

The complexity of the algorithm was evaluated on the basis of the geometrical mean of the
number N of 3D nodes in edges of 3D geosection. Number of iterations depended on the
quantity of incremental steps of mass density necessary to fill a certain 3D volume, with an
order of O(NA3) iterations. For each iteration the number of elementary calculations — the
effect of one 3D geosection node in one 2D point of the anomaly — was O(NA5), resulting to
an order of O(N/8) for the calculation time.

The case of multi-modal anomalies was considered and two different formulas were used for
the least squares error to identify the best 3D geosection node:

— simple least squares formula

— weighted least squares formula, using as weight for each 2D point the relative value
of the 3D node anomaly effect in that point

In both cases the error was calculated within a window with variable size based on the depth
of each 3D node, in order to include in the error only 2D points where the 3D node anomaly
was significant (Fig. 3).
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Fig. 3 — relative weights and window sizes depending on the shape of anomaly

Experiments with synthetic models were done with a geosection 4000m*4000m*2000m
discretized with 11x11x6, 21x21x11 and 41x41x21 nodes. Respective 2D arrays were used
for the surface anomaly. Bodies were represented by vertical prisms with section 400m*400m
and different heights. Inversion for models with single body and two bodies was computed.
Several two-body models were used, varying the height and the depth of bodies. In all models
bodies with mass density varying in the range of 3 — 5 G/cm/3 were used.

For each model, based on the respective discretization schema, the direct calculation was
used to obtain the anomaly, which was used for the inversion.

Two field cases were experimented, using maximal mass densities of 0.3 G/cm”3 and 5
G/cmA3. In the first field case the anomaly was centered within the 2D array, while in the
second field case it was composed of one positive and one negative anomaly situated at the
sides of the 2D array.

Computational Results of Models

Single body model was used to evaluate the runtime of the application. The anomalous body
with mass density 5 G/cm/3 was designed 400m*400m*1800m in depth 200m. The anomaly
and inverted body are presented in Fig. 4:
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Fig. 4 — The gravity anomaly of prismatic body (a); and inverted body (b)

The mean absolute error of the inverted anomaly was 0.0438 (1.54%) with a standard squared
deviation 0.0195. The spatial distribution of the absolute error is given in Fig. 4.c:
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Fig. 4.c — Distribution of inverted anomaly absolute error

The contrast of mass density between the anomalous body and surroundings resulted
satisfactory. Further tests showed that the algorithm has the tendency to reach maximal
permitted mass density despite the density of original body (Fig. 5).
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Fig. 5 — Variation of body delineation due to maximal permitted mass density

The number of iterations and the variation of mean absolute error of the approximation of
anomaly due to the increase of number of discretization nodes is shown in Fig. 6:
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Fig. 6 — Iterations and Errors by model size

The error variation represents little dependence from the model size because of the fact that
the anomaly was calculated and inverted for each model discretization, instead of using the



same anomaly for different model discretizations.

The runtime dependence from the model size and the number of computing cores is presented
in Fig. 7. Both OpenMP and MPI gave similar results. The scalability of iterations follows
the expected order of magnitude O(NA3).

HPCG MPI Runtime / Cores per Nodes SG-Pecs OMP Usertime / Nodes per Cores

Density Step 1.0 g/cm3
10000

10000.00 —
- 1000

~a_ O(1/N)
1000.00 ~a—

~ —a— 11 nodes

=)
3

-1 core
~9-8 cores

100.00 - +— 21 nodes.
— - 16 cores

=)

—a— 41 nodes
—a— 32 cores

—a—64 cores.
@128 cores

—3—256 cores
@512 cores.

usertime (sec)

8
=

—a— 1000 cores
——Factor

3
/
¢ [
/
¢ ¥
!
/
¢ W
o
°

1 10 100 1000 10 100
cores nodes

Fig. 7 — Runtime per computing cores and model size (factor=0O(N"\8))

For small models the runtime increases with multiple computing cores due to interprocess
communication overheads. The same effect is the cause of the step observed when number of
computing cores increases from 8 to 16 cores — the parallel system HPCG is composed of
computer nodes with 8 cores interconnected through a switch, which offers less bandwidth
compared with the BUS that interconnects cores within the same computer node.

The case of two bodies’ models was done for prismatic bodies with different density mass.
The first experiment was done with prisms of 400m*400m*1600m arising from the floor of
the 3D geosection to the depth -400m, distanced 1200m from each other. The 3D geosection
was discretized with 41x41x41 nodes. The shape of two-modal anomaly is given in Fig. 8a:
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Fig. 8.a — Anomaly of two bodies' model

The tendency of algorithm is to approximate firstly the overall anomaly and afterwards to
deal with local modes, which lead to the creation of an ireal “syncline” in depth between two
bodies (Fig. 8.b, similar to the fig. 1 of [6]).
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Fig. 8.b — Inverted central cross-section of the geosection
(black empty rectangles are original bodies)

The mean absolute error resulted 0.0112 (0.41%) with a standard squared deviation 0.0054.
The spatial distribution of the inverted anomaly absolute error if given in Fig. 8.c:
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Fig. 8.c — Distribution of anomaly absolute error

The original anomaly shape is elongated through the line that joins both separated bodies,
while in the inverted geosection most of the anomalous mass in depth is joined as in one
body, which gives for the respective anomaly a more rounded shape and causes the
“butterfly” distribution of the anomaly error.

The second experiment was done using two cuboid bodies of 400m*400m*600m situated in
three different depths -400m, -800m and -1400m distanced 1200m from each other. The 3D
geosection was discretized with 21x21x11 nodes with step 200m. The mass density of two
cuboids was 2 G/cm/3 and 3G/cmA3, while the maximal permitted mass density for the
inversion 5G/cm/3.

Respective anomalies are given in Fig. 9. For deep bodies the anomaly becomes uni-modal
and that phenomenon makes difficult the separation of two anomalous bodies. The results fo
the inversion are given in Fig. 10, with the position of original bodies delineated with empty
black/white rectangles.
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Fig. 10 — Two cuboids central cross-section of inverted 3D geosection

The mean absolute error of approximation of original anomalies with inverted ones resulted
respectively 0.0637, 0.1153 and 0.0347 G/cmA2.

For the second case with two bodies in mid-depth their individual anomalies are not well
separated, which reflects the cause of the greater error in this case. Going more in depth
individual anomalies merge with each other and become more similar with a single body

anomaly.

Inversion of Real Field Cases

The first field case was a section of gravity field composed by partial positive and negative

anomalies (Fig. 11.a):
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FIELD CASE 1 - GRAVITY AOMALY

Fig. 11.a — Field case gravity anomaly

The inverted 3D gosection is presentetd in Fig. 11.b:
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Fig. 11.b — Inverted 3D geosection (mass density in G/cm/3)
Calculation of the inversion was done using maximal permitted mass density of 0.3 G/cmA3.

Two distinct structures are identified in the inverted geosection: the first one is shallow with
mass density greater than surrounding rocks (“positive” density, brown area in the figure),
and the second one with mass density lower than surrounding rocks (“negative” density, blue
area in the figure) and vertically extended.

For higher densities the body with “negative” density was constricted in the shape of a
cylinder in mid-depth of the geosection (not presented in the figure).

The spatial distribution of the absolute error of the inverted anomaly is given in Fig. 11.c:
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Fig. 11.c — Inverted anomaly error

The absolute error varied between (-2:+2) G/cm/2 for an inverted anomaly that varied
between (-20:+14) G/cm/2

The second field case was a Bouguer Anomaly from an area with ophiolites (Fig. 12.a).



FIELD CASE 2 - GRAVITY ANOMALY
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Fig. 12.a — Bouguer Anomaly over ophiolites

The inverted 3D geosection is given in Fig. 12.b, with the maximal permitted mass density
was 0.3 G/cm/3, comparable with the expected contrast between categories of rocks in the
area.

The anomalous body obtained by the inversion had the shape of an overturned bowl of higher
density compared with surrounding rocks.

For greater maximal permitted densities the anomalous body resulted constricted as a
cylinder in deepest central part of the geosection (not included in the figure).
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Fig. 12.b — Inverted 3D geosection, mass density in G/cm/\3

The absolute error resulted in the range of (-3:+3) G/cm/2, for an inverted anomaly that
varied between (+25:+100) G/cm/2 (Fig. 12.c).



FIELD CASE 2 - INVERSION ERROR
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Fig. 12.c — Anomaly error (red isolines represent zero values)

In both cases the increase of the mean error was observed when the maximal permitted mass
density was increased.

Conclusions

The algorithm works with starting conditions of mass density zero for the whole 3D
geosection. The solution is approached step by step improving the mass density of one single
3D node (representative of one cuboid element) with a predefined mass density “quant”.
Mathematically it is searching of a global optimum through local improvements leading to a
local optimum.

The scalability of the algorithm run in high performance parallel computing systems matched
the expectations with an order of magnitude O(N/8), where N is geometrical mean of the
linear size in number of discretization nodes of the 3D geosection. With a reasonable runtime
of several hours using several hundreds of parallel computing cores only models with modest
resolution (number of 3D nodes) were possible making the algorithm applicable for gravity
studies; for other physical fields that are associated with thin geological structures and require
high resolution the application of the algorithm would be difficult considering the runtime.

The algorithm gave good results for single body structures — the case when global and local
optimums are the same. For multi-body structures (multi-modal anomalies) the results are
disputable, the tendency is to fail in separation of bodies in depth giving false syncline
structures. Nevertheless good separation of bodies was obtained for a two modal positive —
negative field case anomaly. The conclusion is that interpretation of inversion results for
multi-modal anomalies requires careful correlation with other geological data.

The algorithm works in parallel and cluster (grid) platforms using MPI. It may be easily
modified to work for regional variations of magnetic anomalies as well. A new work
direction for the the future is combination of the algorithm with other optimum searching
methods and implementation in Graphical Processing Units (GPU) both in desktop and
parallel platforms.
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