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Abstract: Because downhole microseismic data has the significant advantages of a high signal-to-noise ratio and 

well-developed P and S waves, the core and integral component of microseismic monitoring is to locate events 

with relatively high confidence level and accuracy associated with hydraulic fracturing, which is widely used for 

enhancing unconventional reservoir permeability and characterizing fractures. We present a multidimensional 

DIRECT inversion method for microseismic locations and applicability tests over modeling data based on a 

downhole microseismic monitoring system that has already been performed, proving the effectiveness of the 

proposed algorithm. In addition, synthetic tests also show that the location objective function can be defined into a 

multi-dimensional matrix space by employing the global optimization DIRECT algorithm, running without the 

initial value and the objective function derivation that makes use of a high searching density near the genuine 

solution but at a reduced density, as the objective points are scattered far away leading to an expeditious 

contraction of objective functions in each dimension. Finally, the DIRECT algorithm is extensively applied to real 

downhole microseismic monitoring data from hydraulic fracturing completions. The results show that the 

methodology based on a multidimensional DIRECT algorithm provides significant high accuracy and convergent 

efficiency as well as robust computation for interpretable spatiotemporal microseismic evolution, which is more 

suitable for real-time processing of large amounts of downhole microseismic monitoring data. 
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1 Introduction 
 

Hydraulic fracturing is of great significance for reservoir reconstruction and high-efficiency 
production of unconventional reservoir exploitation (Gu et al; 2015; Sun et al., 2015; Zou et al., 2015; 
Lin et al., 2016; Akram and Eaton, 2017; Zhu et al., 2017; Liu et al., 2018) and can stimulate thousands 
of microseismic events distributed around fracture networks. These events launch waves into the 
surrounding medium and they can be recorded by geophones installed in a borehole or near the surface 
(Zhang et al., 2013; Zhang et al., 2016; Meng et al., 2018). Associated with hydraulic fracturing 
processes, microseismic monitoring helps in understanding the geometric shapes of the induced 
fractures as well as resource characterization and estimation of the process effect of fracturing 
technology (Birialtsev et al., 2017; Woo and Kang, 2017; Soledad and Danilo, 2018; Alfataierge et 
al.,2019). In addition, the downhole microseismic monitoring we focus on in this work more 
approaches reservoirs, gaining wider recognition because of its advantages of a high signal-to-noise 
(S/N ratio), well developed P and S waves, and so on (Maxwell et al., 2010; Jones et al., 2014; Yuan 
and Li, 2017).  

However, during these procedures, among the main objectives of microseismic monitoring is to 
accurately and expeditiously determine the position of each event (Soledad and Danilo, 2018; Zhuang 
et al., 2019). Thus, it was important in this study to develop an efficient algorithm that could not only 
automatically perform the detection and location of microseismic events in real time (Lagos et al., 2014; 
Soledad et al., 2018) but also efficiently process large amounts of actual data. For a long time, the 
linear inversion methodology based on the classical Geiger algorithm (Geiger, 1912) and the related 
location algorithms such as HYPO location series, host event location, double difference location 
(Waldhauser and Ellsworth, 2000; Zhang and Thunder, 2003), etc., could describe the microseismic 
source inversion in seeking the extremes of the objective function (Li et al., 2014), which effectively 
improves the locational accuracy but easily stretches into the local optimum and even results in a failed 
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inversion (Song et al., 2013). During recent years, the study of nonlinear intelligent algorithms for 
global optimization based on probabilistic selection preliminarily yielded very accurate microseismic 
inversion solutions (Zhu et al., 2015; Wang, 2016), including heuristic evolutionary algorithms 
(Simulated Annealing, Genetic Algorithm, etc.) (Lagos, 2014; Debotyam and Iraj, 2016) and random 
search algorithms (Pei et al., 2009). However, more often than not, these may not be practical for large 
amounts of microseismic event processing in real-time performance. In other words, it is extremely 
difficult to provide consideration to both locational accuracy and calculation efficiency (Zhu, 2015). In 
addition, the source scanning methodology working against event selection carries out the overall 
energy stacking in the time domain by meshing the solution space for the global optimization but it 
cannot fit a multi-parameter inversion of mass data because of the geometric growth of computation 
time caused by the mesh subdivision (Caffagni et al., 2016; Wang, 2016; Li et al.,2019). In the former 
cases, it is of paramount importance to select an appropriate method that involves weighing the 
advantages and disadvantages of all acceptable approaches in terms of accuracy requirements and 
computational limitations. Hence, we present the DIRECT algorithm proposed by Jones (1993) to 
detect microseismic events in this work. The results from Wang (2016) are consistent with Wei et al. 
(2012) in that the following searching zone in each iteration of the DIRECT algorithm will be 
determined by the function value of the sampling points as well as the subdivision of the 
hyperrectangles rather than calculating the derivative of the objective function (Peter, 2007; Wei et al., 
2012). Furthermore, the implemented approaches, neglecting the detailed grid division, can seek an 
accurate and robust global optimal solution of a multivariable function as the derived solution space 
(Jones, 1993), where it searches for the objective points in a high density near the true solution but at a 
reduced density as they scatter far away, greatly improving data process efficiency and accuracy (Wang, 
2016). 

In practice, as a feasibility study, we implemented a borehole microseismic event simulation in the 
numerical modeling of an oil and gas reservoir by means of a ray tracing technique (Zhang, 2009; Song, 
2012; Zhang, et al., 2016; Gao et al., 2017). As the velocity model and P-wave arrival times were 
derived, model tests showed the effectiveness of the multi-dimensional DIRECT inversion algorithm in 
recovering the location of the stimulated microseismic events. In addition, the extensive applications of 
the proposed methodology in actual microseismic monitoring data throughout hydraulic fracturing 
projects have been characterized by high locational accuracy and computational efficiency as well as 
significant applicability for real-time processing of microseismic monitoring with large amounts of 
data. 
 
2 Geological Settings 
 

The study area is located within Luntai County of Tahe oilfield, structurally the southeast slope of 
Akekule uplift in the middle region of Tarim Basin, Xinjiang Province (Fig. 1) (Liu et al.,2008; Zou et 
al., 2011). The Akekule uplift firstly formed in the mid to late Caledonian movement suffering regional 
compression in the early Hercynian movement with uplift into a large-scale arch trending northeast. 
The lower Ordovician suffered denudation, leading to the absence of the mid-upper Ordovician and 
Silurian-Devonian in most parts except only the surrounding slope area (Liu et al.,2008). Furthermore, 
regional geological surveys and studies have shown that the Tertiary strata covers on the top of this 
area, while the Ordovician strata is the bottom formation. Paleozoic clastic rack layers (S, D, C) are 
zone-by-zone overlying on the Ordovician strata (Zou et al., 2011). 

As the largest basin in China, the Tarim Basin has large unconventional oil and gas resources 
potential (Zou et al., 2015; Lin, 2016; Liu et al., 2018). This study aims at providing the visual 
information of fractures development in both vertical and horizontal directions by microseismic 
location for the real-time monitor of fracturing work and corresponding adjustments during the 
unconventional tight gas productions. We applied the DIRECT locating technique to a downhole 
microseismic data set during one treatment stage along a vertical well. The layers involved in this 
project mainly are composed of three ascending stratigraphic units, the Yijianfang Formation (O2yj), 
Bachu Formation (C1b) and Kalashayi Formation (C1kl) (Fig. 2) based on the good hydrocarbon 
evidence and commercial petroleum flow (Zhou et al., 2011). Associated with the dynamic monitoring 
of fractures induced by hydraulic fracturing in vertical well K1, within a horizontal distance of 569 m, 
a three-component 16-receiver array was laid out in another vertical monitoring well K2 with a 
detecting range of 5300–5450 m within a vertical space of 10 m, as shown in Fig. 2, where perforation 
shots were stimulated around 5495 m with approximately 295-g explosives. In addition, acquisition 
parameters were preset at a sampling interval 0.25 ms, dominant frequency of 500 Hz, and data record 
every 16 s. To evaluate the hydraulic fracturing process via scientific characterization of the geometric 
occurrence and development of fractures, we continuously maintained monitoring for 12 h throughout 
all of the fracturing stages. 
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Fig. 1. Map showing the location and stratigraphic division in Luntai County of Tarim Basin, Xinjiang Province, 

China. 

 

Fig. 2. Stratigraphic section of the study area and observational system of actual borehole microseismic monitoring. 
K1 is the fracturing well with the fracture range of 5477–5550 m; K2 shows monitoring well with a detecting range of 5300–5450 m. The 

horizontal distance between them is 569 m. 
 
3 Methods  
 
3.1 Microseismic monitoring technique 

As described by Warpinski (2009), the general procedure of microseismic monitoring based on the 
theory of acoustics and kinematics (Zhu et al., 2017) does not differ from standard earthquake 
seismology principles (Zhao et al., 2017; Soledad and Danilo, 2018). As the reservoir pressure 
continuously increases during the process of hydraulic fracturing, a mass of microseismic events occur 
distributed around the fractures, emitting seismic waves composed of both P and S waves into the 
surrounding medium (see Fig. 3) that can be recorded for a few hours by geophones arranged in a 
borehole or near the surface (Song and Toksöz, 2011; Grechka et al., 2014; Li et al., 2019), as shown in 
Fig. 4, to detect the occurrence and development of microfractures. Compared to surface monitoring, 
the obvious advantage of downhole microseismic monitoring is that the detection is nearer the reservoir 
leading to a high S/N ratio, many more P and S waves, etc. for determining accurate event locations 
(Song et al., 2013; Chen et al., 2017; Hawthorne and Ampuero, 2017).  

 
 
 
 
 
 
 
 
 

 
Fig. 3. Generation and propagation mechanism of microseismic waves (P and S waves). 
(a) Waveforms of microseismic event. P/S waves propagate through point A in t1 and are received by geophones at point B in t2; (b) 

Single channel record of microseismic waves. 
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Fig. 4. Schematic diagram of downhole and surface microseismic monitoring observational system. 

 
Fig. 5. Integrated flowchart describing the main processes leading to a microseismic event location. 

Fig. 5 outlines the main processes of the workflow that leads to the location of a microseismic event. 
More broadly speaking, the relatively integrated procedures consist in identification of effective events 
on the microseismic records, selecting the arrival times of the P and S waves, deriving an approximate 
velocity model and source location that particularly is considered to be of paramount importance and a 
challenge in monitoring (Birialtsev et al., 2017; Soledad and Danilo, 2018). In other words, to better 
delineate fracture distribution, reliable locational algorithmic studies are extremely urgent. However, in 
many cases, we can only estimate the distance to the microseismic source from the difference between 
the P- and S-wave arrival times, while it is impossible to achieve the geometric shapes and original 
times of the events induced in a three-dimensional (3D) space (Soledad and Danilo, 2018; Chen et al., 
2018) unless the direction where the energy originates from is determined using azimuth from the 
motion polarization analysis of both the P and S waves recorded by multistage three-component 
geophones (usually 12 or 16 pieces). As we focus on event location in this study, these preliminary 
works should already be completed. 

 
3.2 DIRECT algorithm 

A robust and efficient multi-dimensional Dividing RECTangles (DIRECT) algorithm (Gablonsky 
and Kelley, 2001) based on a grid search employing a one-dimensional (1D) Lipschitzian global 
optimization ideology described by Jones (1993) was used to help determine locations of microseismic 
events and make rapid decisions in the field. The DIRECT algorithm previously mentioned provides a 
detailed understanding of the global optimization problem for inversion as shown in Eq. (1) as follows: 

* *( ) min ( )
x

f x f f x


                             (1) 

where  |nx R l x u
i i i

     , l x
i i

     , and the objective function ( )f x  is Lipschitzian 

continuous in   (Jones, 1993). Generally, this approach consists in a several-step process in which 

the optimal hypermatrixes possibly existing will be first sought out in the searching space and then 

marked. A brief introduction of the optimizing steps follows (Chang et al., 2008): 

1. We start by standardizing the objective zones into standardized hypercubes and then continuously 
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dividing them into smaller hypercubes and hyperrectangles at a size determined by the longest side of 
the hyperrectangle, whose center point indicates the objective function value; 

2. The potential optimal hyperrectangle can be obtained after every iteration for further subdividing. 
Then, we select the one with the minimum function value as the potential optimal hyperrectangle for 
the next iteration if the divided hyperrectangles are of the same size; otherwise, the one with the 
maximum function value will be chosen if they are of the same function values. 

3. We suppose 
im  as the i-th central point and 

id  (the distance from the central point to highest 
point) as the length of the hyperrectangle; then, the potential optimal hyperrectangle satisfies the 
following inequation: 

( ) ( )j j i if m Kd f m Kd                          (2) 

  m i n m i n( )j jf m Kd f f                         (3) 

where 41 10    is a positive constant as is typical and 
minf  is the current minimum function 

value. If L represents the longest side of the potential optimal hyperrectangle as I is the dimension set 

in this side, then 

     1 : i jI i I d d                              (4) 

      2 : i jI i I d d                              (5) 

   3 : i jI i I d d                              (6) 

where the interval of j I  is the potential optimal, if  

  ( ) ( )j if m f m , 
3i I                         (7) 

Then, 0K  occurs as follows: 
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The hyperrectangular that satisfies the inequation (10) can be defined as the potential optimum for 

further division. In this case, for all i I , if m is assumed to be the central point of the hyperrectangle, 

the objective function will be sampled at 1 3 im Le , where 
ie  is the i-th unit vector. The 

hyperrectangles can be first divided into a trisection along the direction of the minimum 
iS  dimension, 

where min( ( 1 3 ))i iS f m Le  ; this process can be iteratively applied to a secondary minimum 
iS  

dimension until all the directions are completely performed. For this reason, the studied method 

ensures global convergence in every dimension because it always divides the hyperrectangles from the 

longest dimension (Chang et al., 2008; Wei et al., 2012). 

More specifically, Fig. 6 shows a schematic diagram of the first three iterations using the DIRECT 
algorithm in two-dimensional (2D) space ( , )f x z , where the objective function values are labeled as 
black dots and the potential optimal rectangles are shaded. As shown in Fig. 6a, the potential optimal 
matrix is assumed to be a square region with an objective function value 8f   scattering at the center, 
where four points are sampled to calculate the objective function during the first iteration. Considering 
the scenarios 1 min(2,6) 2S   , 2 min(4,7) 4S   , and 1 2S S , the initial rectangle is certainly divided 
into a trisection along the Z direction (the longest side) and then a similar behavior is iterated to the 
middle rectangle in the X direction. Thus, five potential optimal rectangles are obtained (see Fig. 6a) by 
means of a DECRT strategy that provides a maximum space to the minimum function value. Fig. 6b 
shows that a new definition of a potential optimal rectangle, which is of a small size at the bottom with 
a new minimum value 2f  , is also divided into trisection along the longest side (x direction) as in the 
theory previously described. As the third iteration produces two potential optimal rectangles whose 
function values are equal to the ratio of the two maximum sides in Fig. 6c, the sampling and dividing 
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maintains in carrying out, respectively, as is typical and so on until all the minimum values are obtained. 
Benefiting from the aforementioned division strategy, in a limiting case, the whole object region will be 
divided into infinite rectangles generating a dense solution space, as well as the particularity of the 
global convergence in every dimension, which provides great confidence not only to guarantee global 
convergence in the microseismic location but also more efficiency and accuracy (Gablonsky and Kelley, 
2001; Chang et al., 2008; Wang, 2016). 

 

Fig. 6. 2D schematic diagram of the first three iterations using the DIRECT algorithm.  

Black dots represent the central points of the hyperrectangle; Red figures are the objective function values. 

 
4 Results 
 
4.1 Model test and analysis 

To investigate the accuracy and efficiency of implementing the multi-dimensional DIRECT 
algorithm, we generated a suite of geological models consisting of nine homogeneous flat layers of a 
size of 1000×1000 m, as shown in Fig. 7, where the fracturing well S1 and receiving well S2 were both 
designed at positions of 300 m and 700 m, respectively. Moreover, a vertical array of 12 downhole 
geophones was modeled using a channel spacing of 10 m from 5250 m to 5360 m for receiving the 
synthetic travel times and ray paths of the microseismic event induced by the fracturing project, which 
was also simulated ranging from 5450 m to 5550 m in the model. On the basis of actual logging data, 
Fig. 8 shows the nine-layer vertical P-wave velocity model for the oil-gas reservoir model above. 

To explore the locational approach accuracy, a microseismic event was supposed to stimulate at (300 
m, 5500 m) using a ricker wavelet with a dominant frequency of 100 Hz and the parameters of 
acquisition included a sampling interval of 0.25 ms and a record length of 0.5 s. In this case, only 
P-wave first arrivals (direct or head wave) were used for the test; hence, Fig. 9 shows the record 
obtained from ray tracing, and the first break selected by the blocky Short Time Average over Long 
Time Average (STA/LTA) curves is provided in Table 1.  

 
Fig. 7. Downhole microseismic monitoring in a layered geological model for the synthetic test.  
Green circles represent the geophones in the monitoring well S2 and yellow stars denote microseismic events in well S2; Black lines 

represent microseismic wave ray paths; The horizontal distance between source and geophone array is 300 m. 
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Fig. 8. P-wave velocity model of the oil-gas reservoir used in the microseismic simulation. 
The red star symbol on the left represents the relative depth of the microseismic source; The circle symbols on the right show the relative 

depth of 12 geophones. 

 
Fig. 9. First break selecting of P wave on microseismic simulation record.  
The black lines indicate the P wave arrival. 

 
Fig. 10. Rectangle division form and objective function value during the first three iterations.  
Red dots represent the central points of the hyperrectangle; Black figures are the objective function values: (a) first iteration; (b) second 

iteration; (c) third iteration. 

Table 1 Coordinates and first break times of 12 receivers 

Station X(m) Z(m) First break(ms) 

1 700 5250 134.00 

2 700 5260 133.52 

3 700 5270 133.03 

4 700 5280 132.53 

5 700 5290 130.53 

6 700 5300 129.02 

7 700 5310 127.50 

8 700 5320 126.54 

9 700 5330 125.01 

10 700 5340 123.79 

11 700 5350 122.51 

12 700 5360 121.53 
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Because the DIRECT algorithm we present is also a selection-based approach, the microseismic 
event location requires determination of the differences between P-wave arrival times, which can be 
regarded as the objective function of the rectangle center. As the velocity model (Table 1) and first 
break times (Table 2) were available during preliminary processing, we located an event on a 2D plane 
of x-z using the DIRECT algorithm for the distance to the microseismic source. Before the first 
iteration, we set an enlarged initial rectangular region [100,800]x , [5200,5800]z  for the whole search 
space, which can be estimated according to the forward model as well as perforation shots or 
geological data in practice. Fig. 10 shows the rectangle division forms and objective function values of 
the model location during the first three iterations, agreeing well with the distributing characteristics 
shown in Fig. 6. The iteration was repeated 200 times until a stop criterion was reached for the 
successful achievement of a final location at (299.42 m5500.23 m) with the optimal travel time 
difference of 7.42×10

-3 
ms. To facilitate analysis, Fig. 11 shows an overview of the searching path (red 

cross symbols) and the final location (blue square symbol) of the inversion, which completely shows 
the characteristics of a high-density search near the true solution but reduced search density away from 
the true solution.  

For further analysis of the convergence rate and locational accuracy, Fig. 12 shows the projection 
distribution of the objective function values after each iteration in the Z (Fig. 12a) and X (Fig. 12b) 
direction, respectively. Zooming up the red portions of Fig. 12a and b for a distinct observation as 
shown in Fig. 12A and B, one can more evidently see the optimal solution at Z=5500.53 m and 
X=299.42 m. Combined with the spatial distribution of travel time differences shown in Fig. 13, the 
general trend of improving convergence rate for each dimension and global optimization using the 
DIRECT algorithm can be clearly seen. As expected, we never provided the initial value or calculated 
the derivative of the objective function even with a wider search space when the location inversion was 
performed. All the aforementioned signs indicate that the methodology we present is effective in 
obtaining more accurate event locations and deserves broader application. 

 

Fig. 11. Searching path (red cross symbols) and final location (blue square symbol) of the DIRECT algorithm. 
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Fig. 12. Inversion results using the DIRECT algorithm in the X and Z directions. 
Green cross symbols represent the objective function values; Red symbol shows the final location; (a) objective function value positions 

in the Z direction; (b) objective function value positions in the X direction; (A) and (B) Zoomed-in plots. 

 
Fig. 13. Inversion results in 3D space using the DIRECT algorithm.  
Green cross symbols represent the time residuals of the objective function. 

 
4.2 Microseismicity Spatial Distribution of Field data Set 

The continuous downhole data set was processed with the DIRECT inversion algorithm over the 
course of treatment project. As for the locational problem, which constitutes the main objective of this 
work, we required the optimization of the DIRECT algorithm as well as reasonable estimation of the 
velocity model and accuracy of the P- or S-wave arrival times as previously mentioned. In this case, we 
could first derive an approximate velocity model according to the well sonic log data (black dotted line 
shown in Fig. 14) involving the monitoring geophone layers and hydraulic fracturing, which can be 
well recovered into a new calibrated velocity model as in the red line shown in Fig. 14. Meanwhile, the 
difference between the P-wave arrival times could also be obtained from the best Z component 
selections on the separate three-component records of the identified effective events as shown in Fig. 
15 for reference.  
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Fig. 14. Inversion velocity model (red line) for actual data.  
The black dotted line represents well sonic log data. 

 
Fig. 15. Three-component records (separated into X, Y, and Z) of a certain effective event.  
Blue lines show the first break times of the P wave. 

Because the position and origin time of the perforation shot is known, it is generally used to 
estimate an inversion method suitable for real-time microseismic location. Thus, we performed a 
precision test case based on the velocity model as well as the aforementioned first break times for the 
perforation shot location on a 2D plane of R-Z, where the R-axis is a horizontal line crossing both wells 
K2 and K1 and the Z-axis denotes the depth direction. For convenient calculation, we set the wellhead 
coordinate of K2 at (0, 0) and K1 at (569, 0) and then the perforation shot position was expressed as 
(569, 5495). Consequently, the inversion calculation was conducted using the aforementioned proposed 
methodology with a final location at (562, 5490), very near the actual perforation shot. In fact, the same 
methodology and parameters have been adopted to address the actual data of downhole microseismic 
monitoring leading to an expected result. To facilitate analysis, Fig. 16 shows the results of the 2D 
location corresponding to the whole hydraulic fracturing, where a, c, e, and g are top view maps; b, d, f 
and h are side view maps; and the color indicates the time of the microseismic events generated and the 
uniform size represents the energy difference. 

Finally, we needed to estimate the hydraulic fracturing process and fracture development according 
to the microseismic locational results during different stages (as shown in Fig. 16). Fig. 16a and b show 
the beginning stage S-1 of the fracture filling, where the microseismic events mainly induced by rock 
tension appear to be of weak energy because of the lower stratum pressure and higher fracturing fluid 
leak-off. As a result, the events generated at this moment are gathering around the fracturing well K1 at 
a low density. As the fracturing work continues, there is a significant rupture of argillaceous rock 
referring to geological data at the mid-section because of a continuous increase in stratum pressure, 
agreeing well with the microseismic locational results of stage S-2 shown in Fig. 16c and 16d. 
Abnormally, although stage S-3 processes are depressurized and of reduced emission, the events in 
contrast increase and strengthen, forming a fracture group F1 along a NE direction as shown in Fig. 16e 
and 16f. At the termination of pumping, argillaceous fracture groups tend to stop, but there was further 
development of fracture groups in carbonate rocks composed of a small one F2 far from K1, F3 along a 
NE direction, and F4 along an ESE direction as shown in in Fig. 16g and 16h. As expected, the 
microseismic events present an apparent hysteresis because of the increasing fracture closure pressure 
with the cessation of fracturing. According to the density distribution of the located microseismic 
events using the DIRECT algorithm and the formation order of fracture groups, we could make 
reasonably interpret the fracturing process as Fig. 17 shown. Table 2 summarizes the spatial parameters 
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of the four fracture groups including F1, F2, F3, and F4. 

 
Fig. 16. Locations of borehole microseismic events during different stages. a, c, e, and g are top view maps. b, d, f, 

and h are side view maps. 

 

Fig. 17. Fracture group interpretation of borehole microseismic events. 

 

Table 2 Spatial parameters of fracture groups  

Fracture Events Length(m) Height (m) Width (m) Dip (°)  Volume (10
3
m

3
) 

F1 47 232.248 53.882 45.464 N33E 253.323 

F2 50 339.26 110.765 59.749 N37E 867.371 

F3 60 473.738 143.642 105.943 N26E 2004.640 

F4 78 485.608 96.345 76.683 E13S 1110.805 

 
5 Discussions 

Microseismic monitoring has been the primary technology to diagnose the efficiency of hydraulic 
fracturing processes in unconventional reservoir exploitation (Maxwell et al., 2010; Zhu et al., 2017; 
Liu et al., 2018). Conventional location approaches exist, such as linear inversion (Geiger, 1912), that 
seem to be very efficient as they provide computationally fast solutions, but they have substantial 
disadvantages of local convergence and yielding an initial value. In contrast, nonlinear methods have 
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global optimization capability, but at the expense of slower computational times because of a large 
number of inversion parameters (Debotyam and Iraj, 2016; Wang, 2016; Soledad and Danilo, 2018). 
Our work focused on developing robust and efficient algorithms capable of expeditiously processing 
large amounts of microseismic events in real time, aiding in making rapid decisions in the field. 

The proposed DIRECT algorithm is a global optimization technique based on a grid search (GS) 
(Peter, 2007; Wei et al., 2012; Tan et al., 2017) requiring reliable arrival times as well as a velocity 
model and has been proven to be robust and efficient in determining hypocentral locations. Compared 
to a classical GS, in the case of given solution space, the DIRECT implementation is more suitable for 
optimizing a global solution of multivariate functions as the following searching zone in each iteration 
of the DIRECT algorithm is determined neither by an explicit objective function or a derivative 
equation, but rather by a function value of sampling points as well as subdivision of hyperrectangles. 
Thus, there is a high density of objective points near the genuine solution but in a reduced density as 
they scatter afar (Fig. 13), showing the advantages of using DIRECT over GS to attain significant 
speed-ups. 

We further tested the efficiency of our DIRECT-based method by comparing it to the standard GS 
algorithm. Fig. 18 shows a 3D display of all the grid search points and time residuals by GS from the 
same model shown in Fig. 7. As shown, we have to search for each point in the whole space already 
meshed to determine the global optimal solution, which could increase of the extent of calculation. In 
addition, the inversion accuracy and reliability of GS depends heavily on the mesh size; a smaller 
results in higher precision but longer computational times. For each event location, statistics 
demonstrated that only 0.03 s was spent for 200 iterations using the DIRECT method with a grid 5 m × 
5 m and a searching range of 700 m × 600 m, but 2 s for 2500 iterations using the traditional grid 
search method using the same grid and searching range of 300 m × 300 m. Thus, the DIRECT 
algorithm is particularly suitable for multi-event, multi-parameter microseismic inversion in a 
large-scale space with the advantages of shorter search times and higher accuracy. 

 
Fig. 18. Inversion results in 3-D space by grid search (GS).  
Blue cross symbols represent the time residuals of objective function. 

 

6 Conclusions 
(1) Downhole microseismic monitoring with the main objective of event location has numerous 

applications in unconventional reservoir characterization and exploitation, which is of great interest not 
only to appraise hydraulic fracturing projects and fracture treatment, but also to avoid potential natural 
hazards. 

(2) Aiming for more effective event location, we proposed a global optimization method to process 
borehole microseismic data using the DIRECT algorithm. Compared to classical inversion 
methodologies, this new method is more robust and accurate and can effectively solve the problems 
that have been puzzling for a long time such as local convergence and a slow operating rate.  

(3) Both theory tests and field data application demonstrate the DIRECT algorithm’s feasibility in 
determining locations for downhole microseismic monitoring, neglecting an initial value and applying 
an objective function derivation. The process uses a high searching density near the genuine solution 
but a reduced density as the points scatter afar, leading to an improved convergence rate for each 
dimension and global optimization during iterations. In brief, because of its accuracy and effectiveness, 
the DIRECT algorithm method can be used with relatively high confidence to process large amounts of 
downhole microseismic monitoring data in real time. 
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