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3D fast inversion of gravity data based on GPU

WANG Xusheng and ZENG Zhaofa

College of Geo-Exploration Science and Technology, Changchun 130026, China

Abstract ; Large-scale gravity 3D interpretation depends on efficient and high-resolution 3D inversion processing

of massive data. The authors applied the conjugate gradient method with minimum support function and prior

model constraint to reduce multi-solutions in gravity inversion. Based on the parallel programming and compu-

ting platform NVIDIA CUDA with C + + language, we achieve fast 3D gravity inversion by adopting GPU parallel

technique into the most time consuming part relating to sensitivity matrix. The results of theoretical model show

that the abnormal body can be clearly located and the inversion speed is improved greatly. Comparing with in-

version speed of the Matlab program, speed of inversion with GPU parallel technique has improved more than

100 times under the hardware condition of Geforce GTX 1060 graphics card.
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0 Introduction

Gravity exploration, with the advantages of light-
weight, fast speed, less investment, is widely used in
oil and gas exploration, mineral exploration and the
study of deep earth structure and other fields ( Nabig-
hian M N et al., 2005). With the rapid development
of computer and the increasing requirements of gravity
exploration, the 3D inversion of gravity data has be-
come a research hot, however, the 3D inversion still
has two problems, one is the multi-solution problem,
another is the calculation efficiency. In geophysical
inversion, the generation of multiple solutions is due
to the error of measured data, the discrete and sparse
data, and the equivalence of field sources. Generally,
increasing the field observation data and improving the
observation accuracy can reduce the multiple solvabil-
ity of the inversion. Regarding to the multiple solu-

tions caused by the equivalence of field sources, we
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can solve the problem by adding constraints and prior
information in inversion. Last & Kubik (1983) first
considered the minimum gradient support function in
compact gravity inversion. Guillen & Menichetti
(1984 ) used the similar principle into gravity and
magnetic inversion by minimizing the moment of iner-
tia. Portniaguine & Zhdaov (1999) discussed the fo-
cusing inversion and showed that they could more pre-
cisely locate geophysical anomalies using this algo-
rithm. Silva et al. (2001) discussed a variety if con-
straint methods. Zhdanov (2009) discussed the focu-
sing inversion and its improvement in detail. Li &
Oldenburg (1998 ) applied a " smooth inversion"
method to gravity data inversion. Geng et al. (2014 )
applied variogram to the inversion of gravity gradient
data. Liu et al. (1997) use genetic algorithm to 2D
density interface inversion. CHEN Hua-gen et al.
(2002) applied improved simulated annealing method

into gravity inversion. Geng et al. (2013) used neu-
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ral network method into 2D gravity inversion. Chen et
al. (2013) applied pre-conjugate gradient method to
the inversion of gravity gradient data. Feng et al.
(2014) constrained the basin model by the total vari-
ation function, and retrieved the basin basement by
eravity data. Chen et al. (2014) applied focusing in-
version into inversion of gravity gradient. Liu Yan et
al. (2015) conducted 3D gravity inversion using
Bayesian method based on model reduction. Geng et
al. (2016) applied cokriging method into gravity gra-
dient data inversion.

3D Gravity inversion divides the observed subsur-
face media into small non-overlapping units, and then
calculate the density of each discrete element by the
inversion method to determine the actual distribution
of field sources. With the expansion of measurement
area and the improvement of precision, the mesh
quantity of subdivision is massive, and the inversion
calculation takes a lot of time. Yao et al. (2003) op-
timized the matrix storage and improved the inversion
efficiency according to the special relationship be-
tween gridding survey points and underground subdivi-
sion. Chen et al. (2012) achieved the 3D fast for-
ward modeling of gravity and gravity gradient using
GPU. Hou et al. (2015) used GPU for fast speed in-
version calculation of gravity gradient data.

In view of the above mentioned two gravity inver-
sion technical problems, this paper applies the princi-
ple of focusing inversion to inverse gravity data using
conjugate gradient method. In this paper, several key
problems in the parallel computation of inversion are
analyzed, and the 3D conjugate gradient gravity fast
inversion based on GPU parallel technology of NI-
VIDIA CUDA platform is achieved, due to the good
parallel improvement ability of conjugate gradient in-
version. The experimental results show that the meth-
od can well determine the abnormal location, and the

inversion efficiency is greatly improved.

1 Forward theory

By the law of gravity, the forces of any point in

the geologic body acting in the outer space is:

V(7 :Gf”f;)—dv (1)

where ris a vector from observation point P(x,y,
z) to Q(&,m,¢) which is in the geological body, and
G is gravitational constant.

In 3D inversion, underground space is divided
into cuboid units of equal size and compact arrange-
ment like Fig. 1. Analytical formulas for gravity and
gravity gradient forward modeling in rectangular space

is shown as below:
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Fig.1 Sketch map of subdivision model
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Fig.2 Sketch map of observation points and geological
body

Like the underground space coordinate system
shown in Fig.2, the x axis and y axis are in the hori-
zontal direction, and the Z axis is vertical downward.
Coordinate of observation point is (x,v,z), (£,79,{)
elé, &1 xIn,m] x[{,4]. s a volume ele-
ment of any cuboid in space and gravity anomalies and
gravity gradients produced by this element ( Guo et
al., 2004) is
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Where x; =x —&,,y, =y - M, % =2 —&is Tijk
:m’ M = ( - 1)Hj+k-

Underground space is divided into cuboid units of
equal size and compact arrangement, and each unit is
set as a fixed residual density value. We assume un-
derground space is divided into M cuboid elements
and the observation surface is arranged with NV obser-
vation points. And the gravity anomaly of j th (j =1,
«« M) element in i th (¢ =1, -+, N) observation
point is

dy = Gm, (9)

Where m; is residual density value of jth element
and G represent the geometric framework ith cuboid.
According to the principle of potential field superposi-
tion, the total anomaly at the ith observation point is

the sum of the anomalies of the underground j cuboid;

M M
%zg%zz%W (10)

express as matrix form

d;ﬁ Gll GIZ GIM m,
dig _ GZ] Gz2 | T ( 11 )
9 .
dﬁlﬁ Gy e E m,
1S same as

dyg = Gm (12)
Where d; is observed data, m is residual densi-
ty, G, is response of the j th cuboid at the i th obser-

vation point which is called sensitivity matrix.

2 Inversion theory

The solution of geophysical inverse problems is
often ill conditioned. Tikhonov regularization method
is often used to solve the problem. The objective func-

tion can be expressed as

p(m) = @, +pep, (13)
Where w is regularization factor, ¢, is fitting
difference function which usually expressed in terms of
L, norm like
6i= Ild-6Gm]3 (14)
In the weighted focus inversion algorithm, the
minimum support function is introduced as

M 2
m

Sys(m) = z #,32 (15)

j=1 m;

Where B is smaller constants to avoid generating
singular values when m; equal to zero. At the same
time, in order to avoid the skin effect, we add the

sensitivity matrix based on weighted function

N
w, = (ZGL.J.)M,]' =1,....M  (16)
i=1

SO
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—= (17
mf+,82( )

There is an existence of a diagonal matrix

M
o(m) = |[6m-d|*+nY
j=1

Wim) = diag[ ("B ] ()
w;
The upper form can be rewritten as
e(m) = [ GWW ' m —d|” +pllw m]|’
(19)
Assuming m, =w ~'m, G, =GW, then
o(m) = | Gm, ~d|* +plm, || (20)
The inversion problem is taken into account
[Gw]mw - ] (21)
™ " Lo
GW

Substituting A =

Jul

21, the formula 21 can be written in the following

] , b = [g] , into formula

form .
Am, = b (22)
We use the conjugate gradient method for solving
the above equation, and pseudo code is as follows;

Input: G, d, u, k

Output; m
Begin
set my, =0

compute W, m, G,
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setA = [GW], b = [d]
Jul 0

k=0; g=2A"(Am,, - b)

while g, #0

k=k+1

if k=1

Pr= "8

else

B :nggkq/ngzg/ﬁz

Pe= 8k YBiPL-1 s Uk = gZ_. Py

M =My + 0Py

Update m, W, A, g,

End

where k is number of iterations, g, is gradient of
objective function, p,is search direction, B, is step

length of nonlinear exact line search.

3 Inversion results

It is assumed that there are zones with maximum
buried depth of 1000 m, and axial and longitudinal
range from -1 000 m to 1 000 m. Underground space
has two residual density 0. 5 g/cm’ cuboid anomaly
with size of 300 m X400 m x 500 m and anomaly cen-
ters located at ( =450 m, 0 m, —-450 m) and (450
m, O m, -450 m). Computational domain [ -1 000
m, 1000 m] x[ =1 000 m, 1000 m] x[ -1 000
m, 0 m] is divided into 20 x 20 x 10 small units,
each unit is 100 m x 100 m x 100 m. The observation
point is set on the ground with z =0. There are total
20 lines designed with line interval of 100 m, point
interval of 100 m, and there are 20 X 20 points in to-
tal. Fig.3 shows the plane inversion profile of inver-
sion results of z=500 m and y =0 m. The abnormal
body boundary position of the actual theoretical model
is indicated by the black frame in the Fig 3. From the
Figure, it is indicated that the weighted focus inver-
sion has a good effect, which can reflect the location

and burial depth of the abnormal body.

4 GPU parallel theory

In recent years, GPU technology has developed
rapidly. CUDA ( Compute Unified Devices Architec-
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(a) Section y=0; (b) section z=500.
Fig.3 Inversion results of the two abnormal bodies in

underground space model

ture ) was Launched in 2006 by NVIDIA, the GPU of
which can be used for general calculation. The pro-
gramming mode is using CPU as the host, for logical
and serial computing, and GPU, as a device, is for
executing highly parallel thread tasks.

Matlab are usually used for calculation, which
belong to interpretative language with low efficiency.
C + + calculation that has higher computational effi-
ciency than Matlab is used in this study. In the gravi-
ty inversion, because of the large sensitivity matrix,
the corresponding calculation part of sensitivity matrix
needs to consume a large amount of time. It is also
the main reason for making inversion time consuming.
The algorithm is shown in Fig. 4. By parallel compu-
ting g, and G, , an obvious acceleration effect is
achieved. In addition, in the parallel computation,
due to repeated call for sensitivity matrix iteration,
even if the GPU interface transmission bandwidth is

large, it also needs to consume a lot of time. By sto-
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ring the sensitivity matrix in the GPU memory, the
whole inversion process only need to be passed from
the host once therefore it accelerates the speed of in-

version without multiple transmissions.

C Start GPU inversion >

Input gravity data

v

I Set m,=0, k=0, Calculate W ‘

v

| Parallel computing g,, G, |

Calculate W,
Parallel computing g, G,

v

Output m,

I
C D

Fig.4 Flow of GPU parallel computing algorith

Table 1 Comparison of time consuming among GPU

and Matlab
Model size GPU consuming/s Matlab consuming/s
10 x 10 x 10 1.85 16.10
20 x20 x 10 16.41 297.83
30 x30 x 10 32.70 1717.30
40 x40 x 10 64.66 5002.43
50 x50 x 10 103.48 12369. 36

5 GPU parallel result analysis

The numerical test hardware environment used in

this paper:i7 6700k CPU, 4 GHz main frequency and

8G memory. GPU model is Geforce GTX 1060 with
1280 processing cores, 6G memory and computing ca-
pacity of 6.1. Software environment is CUDA 8.0
version, Windows10 64 bits operating system and Vis-
ual Studio 2015 compiler. The calculating time spent
in iterating 100 times is compared between Matlab and
GPU parallel in scales of 1 000 m x1 000 m x 1 000
m, 2000 m x2 000 m x1000 m, 3000 m x3 000 m
x1 000 m, 4 000 m x4 000 m x1 000 m and 5 000
m X5 000 m x1 000 m, and grid partition is dx =100
m, dy =100 m, dz =100 m. Because the GPU mem-
ory limit, we did not calculate the size of larger scale.
If possible, we can use multiple GPU cards to calcu-
late larger scale. It can be seen from Table 1 that
when the scale is small, GPU parallel acceleration
effect relative to the Matlab is not obvious, with the
acceleration effect only ten times better, but with the
increase of the size of the GPU model, calculation ef-
ficiency is obviously improved, finally accelerating

effect can be more than 100 times better than Matlab.

6 Conclusion

In this study, we firstly established a model with
two separated abnormal bodies, then we got the inver-
son result from the gravity data. It is indicated that
the gravity focusing inversion has a good effect to re-
flect the gravity abnormal. After that, we researched
rapid inversion of gravity data and achieved fast gravi-
ty inversion based on conjugate gradient method using
GPU parallel technique. The result showed that the
algorithm has a high speedup ratio. The GPU parallel
technique and its realization in gravity inversion pro-
vide technical support for fast 3D large-scale gravity
inversion. It can also provide references for inversion
methods like simulated annealing, genetic algorithm

and artificial neural network algorithm.
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