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Abstract 

Geophysical modelling performs to obtain subsurface structures in agreement with measured data. Freeware algo‑
rithms for geoelectrical data inversion have not been widely used in geophysical communities; however, different 
open-source modelling/inversion algorithms were developed in recent years. In this study, we review the structures 
and applications of openly Python-based inversion packages, such as pyGIMLi (Python Library for Inversion and 
Modelling in Geophysics), BERT (Boundless Electrical Resistivity Tomography), ResIPy (Resistivity and Induced Polariza‑
tion with Python), pyres (Python wrapper for electrical resistivity modelling), and SimPEG (Simulation and Parameter 
Estimation in Geophysics). In addition, we examine the recovering ability of pyGIMLi, BERT, ResIPy, and SimPEG free‑
ware through inversion of the same synthetic model forward responses. A versatile pyGIMLi freeware is highly suitable 
for various geophysical data inversion. The SimPEG framework is developed to allow the user to explore, experiment 
with, and iterate over multiple approaches to the inverse problem. In contrast, BERT, pyres, and ResIPy are exclusively 
designed for geoelectric data inversion. BERT and pyGIMLi codes can be easily modified for the intended applications. 
Both pyres and ResIPy use the same mesh designs and inversion algorithms, but pyres uses scripting language, while 
ResIPy uses a graphical user interface (GUI) that removes the need for text inputs. Our numerical modelling shows 
that all the tested inversion freeware could be effective for relatively larger targets. pyGIMLi and BERT could also 
obtain reasonable model resolutions and anomaly accuracies for small-sized subsurface structures. Based on the het‑
erogeneous layered model and experimental target scenario results, the geoelectrical data inversion could be more 
effective in pyGIMLi, BERT, and SimPEG freeware packages. Moreover, this study can provide insight into implement‑
ing suitable inversion freeware for reproducible geophysical research, mainly for geoelectrical modelling.
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Introduction
The direct current resistivity method is widely used in 
geophysical near-surface prospecting, such as hydroge-
ological (Chambers et al. 2006; Chang et al. 2017; Zhang 
et  al. 2016), geological structure (Caputo et  al. 2003; 
Chang et  al. 2015), engineering (Arjwech and Everett 
2019; Lin et  al. 2013), and environmental (Cardarelli 
et  al. 2010; Van Schoor 2002) surveys. The resistivity 

method has been significantly advanced in data acqui-
sitions and inversion techniques in recent decades. 
Modern resistivity acquisition obtains a large num-
ber of data in two dimension (2D) and three dimen-
sion (3D) to recover complex geological structures that 
are not possible with a one-dimensional (1D) survey 
(Dahlin and Zhou 2004; Sharma and Verma 2015). The 
measured apparent resistivity data can be inverted to 
reconstruct subsurface spatial resistivity distribution 
using inversion algorithms. Although several commer-
cial inversion software have been established for geo-
electric data inversion, they are less extensible to use 
and not easily accessible for independent researchers. 
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Technically versatile users can also commonly end up 
building individually tailored solutions by linking vari-
ous existing potentially commercial software through 
scripts, which hinders the reproducibility of scientific 
researches (Peng 2011). This motivates and supports 
the need for modern freeware architectures for the 
numerical tasks in geophysical studies.

Accessible and extensible inversion freeware algo-
rithms are developed through open-source initiatives 
using different interpretive languages (Cockett et  al. 
2015). Python is the most versatile and interpretive 
language among the open-source programming lan-
guages for developing various geoscientific packages. 
It also combines numerical computation performance 
with high-end graphical outputs and user interfaces. 
Furthermore, Python code can solve a scientific prob-
lem and allow every scientific community to advance 
the source codes by enriching feedback from differ-
ent users and developers using social coding plat-
forms, such as GitHub (https://​github.​com) and Read 
the Docs (https://​readt​hedocs.​org/) (Lin 2012; Rücker 
et al. 2017). Thus, geoelectric inversion freeware pack-
ages are mainly developed under the Python interface, 
which can interrogate the source codes and, where nec-
essary, pertain and customize for needed applications.

This paper reviews the commonly used geoelectric 
data inversion freeware established in the Python inter-
face. The freeware includes pyGIMLi (Python Library 
for Inversion and Modelling in Geophysics), BERT 
(Boundless Electrical Resistivity Tomography), ResIPy 
(Resistivity and Induced Polarization with Python), 
pyres (Python wrapper for electrical resistivity mod-
elling), and SimPEG (Simulation and Parameter Esti-
mation in Geophysics). We reviewed based on code 
structures, mesh designs, package dependencies, and 
applications.

Even though various studies implement inversion free-
ware for multiple applications (Benjamin et  al. 2020; 
Gourdol et  al. 2018; Klingler et  al. 2020), there are no 
studies that assess the effectiveness of different freeware 
packages for geoelectric data inversion. We examine the 
pyGIMLi, BERT, ResIPy, and SimPEG freeware perfor-
mances by inverting the same input models. A conceptual 
model with low and high resistive targets sets at differ-
ent depths of the homogeneous host medium is used to 
measure the apparent resistivity data synthetically. The 
inverted models have shown variations based on the 
target size and buried depth in addition to the type of 
inversion freeware used. In addition, we have suggested 
suitable inversion freeware for subsurface structural 
studies. Overall, this review paper may encourage geosci-
entific communities to implement the inversion freeware 
for modelling and inverting geoelectrical datasets.

Freeware framework
pyGIMLi
pyGIMLi package is created using a Python program-
ming script that provides modular functionality for dif-
ferent geophysical studies. The architecture of pyGIMLi 
constitutes three significant conceptual levels: the equa-
tion, the modelling, and the application levels. The equa-
tion level provides an interface to solve partial differential 
equations on a given mesh, comprising all geometric 
specifications, for instance, topography and known sub-
surface structures. The modelling level represents a col-
lection of classes to solve a simulation task for a specific 
geophysical method by applying the equation level or 
using appropriate calculations. The application-level 
defines a general framework to solve basic and advanced 
inversion tasks, like time-lapse and joint inversion. All 
the conceptual levels interacted through a unified Python 
interface to resolve the forward and inverse problem of 
the resistivity method. A more comprehensive design 
and architecture of pyGIMLi freeware are explained by 
Rücker et al. (2017).

pyGIMLi provides a versatile meshing method for the 
forward problem formulation. Its modelling compo-
nent allows the finite element and finite volume solvers 
to determine the differential equations on unstructured 
mesh. Discretizing unstructured triangular mesh (or tet-
rahedral meshes in 3D) produces an error for smaller or 
larger mesh angles. The larger mesh angle can increase 
interpolation error, while the smaller mesh angle can 
cause an ill-conditioned stiffness matrix, leading to inver-
sion singularity (Du et  al. 2009; Neumaier 1998). The 
quality checker in pyGIMLi can handle mesh discre-
tization problems and provides optimum quality mesh. 
pyGIMLi can also import mesh from external mesh 
creators, such as Triangle (Shewchuk 1996), TetGen (Si 
2015), and Gmsh (Geuzaine and Remacle 2009).

Figure  1 presents the generalized inversion procedure 
of pyGIMLi. Its inversion mainly implements a determin-
istic Gauss–Newton algorithm with flexible regulariza-
tion (Rücker et al. 2017). The inversion algorithm can be 
controlled by applying various regularization methods, 
including parameter transformation, starting model, and 
anisotropic and stochastic regularizations. Furthermore, 
pyGIMLi post-processing routines can be provided to 
visualize results in 2D using Matplotlib (Hunter 2007) 
and 3D using ParaView (Ayachit 2015).

BERT
The functionality of BERT is based on a multi-method of 
GIMLi (Generalized Inversion and Modelling Library). 
The Python interface of GIMLi can be used to retrieve, 
build, and utilize the pyBERT code (Python binding 
of BERT). Therefore, pygimli.meshtools library can be 

https://github.com
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imported in addition to pyBERT modules for modelling 
and inversion of geoelectric data. We direct the reader to 
Günther et al. (2006) for a more compressive description 
of BERT freeware theory and technology.

BERT applies efficient meshing approaches for resis-
tivity problem formulation. It uses unstructured trian-
gular mesh for 2D modelling while tetrahedral mesh 
for 3D modelling (Günther and Rücker 2015). Similar 
to pyGIMLi, the BERT freeware can control mesh qual-
ity that enhances the numerical accuracy of the forward 
calculations. It can also import a free and versatile mesh 
from external mesh generators, including TetGen (Si 
2015) and Gmsh (Geuzaine and Remacle 2009).

Figure  2 displays the overall inversion procedure of 
BERT. First, the primary potentials are calculated and 
interpolated onto the secondary mesh. Then, the geomet-
ric factors yield the apparent resistivity and the sensitivity 
matrix for a homogeneous case. Finally, model inversion 
is performed: an inverse sub-problem is used to update 
the resistivity model and a forward calculation is carried 
out and checked. Moreover, the inversion implements 
a smoothness-constrained Gauss–Newton algorithm 

(Günther et al. 2006). It was later formulated as a flexible 
minimization and regularization scheme, which is fur-
therly explained by Rücker (2010).

pyres/ResIPy
pyres freeware and R2 package are explicitly designed 
for modelling and inversion of geoelectric data. The R2 
package provides a robust toolset for the forward and 
inverse solutions. However, many users of the R2 pack-
age had created their codes for managing and manipu-
lating the text files, there were no published codes that 
provide an object-oriented programming interface for 
R2 or that incorporate mesh creation and parameteriza-
tion for R2. Hence, pyres Python wrapper package for 
R2 were used to create a powerful and flexible program-
matic interface for modelling and inverting geoelectric 
datasets (Befus 2018). It contains a minimal number of 
dependent modules along with Python packages. For 
instance, pyres modules, such as mesh_tools, plot_utils, 
and pyres_utils, can help create an input file and run R2, 
construct the mesh, plot the output file, and calculate the 
depth of investigation. In addition to managing R2 inputs 

Fig. 1  pyGIMLi generalized inversion scheme (Rücker et al. 2017)
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and running R2 forward and inverse models, pyres con-
tain several other input and output methods that can be 
incorporated with user-defined Python code for higher-
level pre- or post-processing. The forward problem in 
pyres can be solved using finite element quadrilateral 
(structured or unstructured) or triangular (unstructured) 
mesh (Befus 2018). The quadrilateral mesh node can be 
defined using NumPy arrays (Bressert 2012), while the 
triangular mesh can be extracted from Gmsh (Geuzaine 
and Remacle 2009). Furthermore, pyres implements a 
weighted least-squares objective function coupled with a 
range of regularizations (Binley and Kemna 2005).

ResIPy can also enable the modelling and inver-
sion of geoelectric datasets. It is established under the 
Python interface, and its source code is available on 
a GitLab repository (https://​gitlab.​com/​hkex/​pyr2). 
ResIPy applies the freely available codes, such as R2, 
R3t, and cR2. The R2 and R3t codes are developed to 
solve the 2D and 3D direct current resistivity. On the 
contrary, the cR2 code is designed to solve the induced 
polarization problem (Binley and Kemna 2005). These 

codes require formatted text files for input, forward 
and inverse model setting, and mesh construction. 
However, the graphic user interface (GUI) in ResIPy 
removes the need for such text input and assists the 
user in pre- and post-processing stages. As shown in 
Fig. 3, ResIPy implements structured quadrilateral and 
unstructured triangular finite element meshes for resis-
tivity calculations. Additionally, it can import complex 
mesh from Gmsh (Geuzaine and Remacle 2009). We 
forward the reader to Blanchy et  al. (2020) for further 
design aspects of ResIPy.

The general workflow of ResIPy is demonstrated in 
Fig.  3. The geoelectric data can be synthetically meas-
ured using forward problem formulation. The synthetic 
or field data can be imported and filtered out the error 
data points or electrodes. The filtered data and the gener-
ated mesh can be sent to the inversion pipeline. Inversion 
can be performed using a weighted least-squares objec-
tive function, coupled with a range of regularizations. 
The procedure ends with an inverted geoelectric section. 
Furthermore, a diagnostic pseudo-section of normalized 

Fig. 2  BERT inversion scheme indicating the central loop of the forward and inverse step until the stopping criterion is reached and a solution is 
obtained (Günther et al. 2006)

https://gitlab.com/hkex/pyr2
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inversion error can be produced (Binley and Kemna 
2005).

SimPEG
SimPEG framework is also an open-source library writ-
ten in Python interface to facilitate an experimental and 
empirical inversion for different applications. It interfaces 
numerical solver packages, model parameterizations, and 
visualization routines (Cockett et al. 2015). The develop-
ment of SimPEG focused on modularity, usability, docu-
mentation, and extensive unit testing that can help as an 
interface create other inversion code in the geoscientific 
community (Cockett et al. 2015; Wilson et al. 2014).

SimPEG mainly implements a staggered grid and 
mimetic finite volume discretization on structured and 
semi-structured meshes (Hyman and Shashkov 1999). 
This approach requires definitions of variables at either 
cell centres, nodes, faces, or edges. Its forward resistiv-
ity calculation uses three different meshes: Tensor, Tree, 
and Curvilinear meshes (Cockett et  al. 2015). The type 
of needed mesh can be imported from SimPEG librar-
ies, including the supporting modules of NumPy and 
SciPy (Bressert 2012). Moreover, in a 1D direct current 
resistivity experiment, the governing equation with sup-
plied boundary conditions can be solved using finite vol-
ume, finite element, integral equation, or semi-analytical 
method.

Figure  4 outlines the general procedure of SimPEG 
that implements the Tikhonov inversion approach. 
There are three main steps in SimPEG inversion: the 
input, the implementation, and the evaluation stages. 

The interrogation of these three stages can minimize 
the ill-posedness of an inverse problem. The input stage 
includes the geophysical data, governing equation, and 
prior knowledge (geological or petrophysical informa-
tion). The two broad categories, such as forward and 
inverse modelling, are comprised in the implementation 
stage. The forward simulation solves the governing equa-
tion for a given model, while the inversion component 
iteratively modifies and updates the recovered model. 
SimPEG implements a gradient-based inversion to 
update the model through optimization routines (Cock-
ett et  al. 2015). The optimized inversion numerically 
determines data misfits and regularizes an inverse prob-
lem (Tikhonov et  al. 2013). Finally, the inverted model 
can be evaluated before interpretation. The evaluation 
stage can re-assess the choices and assumptions made in 
both the input and implementation stages. The inversion 
setting can be modified in the evaluation stage to assess 
whether the inverted model result can fit the desired tar-
get or not. A complete SimPEG inversion procedure was 
described by Cockett et al. (2015).

Dependencies
There are several modern and user-level package man-
agers that control the freeware environments and 
dependencies in Python. conda and pip are the promi-
nent package managers that are usually used to install 
freeware (Lehe et  al. 2020). The required packages and 
dependencies in Table 1 are needed to be installed before 
using the Python inversion freeware.

Fig. 3  ResIPy workflow. Inversion workflow (green arrows): a import the raw data and filter out the noises, b prepare data for inversion, c triangular 
mesh, d quadrilateral mesh, e inverted model, f normalized inversion error. Forward modelling workflow (red arrows): i synthetic model and mesh 
creation, and ii synthetically measure the geoelectric data (Blanchy et al. 2020)
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Numerical experiment
Methodology
We develop a synthetic resistivity model to examine the 
effectiveness of Python-based inversion freeware, such 
as pyGIMLi, BERT, ResIPy, and SimPEG. This study uses 
the latest freeware versions: pyGIMLi 1.2.2, BERT 2.3.2, 
ResIPy 3.3.2, and SimPEG 0.15.1; their future inversion 
performance may be varied due to different advance-
ments of the tested freeware codes. We use a conceptual 
model representing a horizontally stratified sedimentary 

layer and archaeological targets buried in a homoge-
neous host medium. Forward resistivity modelling is 
performed for a layered geologic model that consists of 
a sand layer with a resistivity value of 200 Ωm, a gravel 
layer with a resistivity value of 600 Ωm, and a moderately 
fractured sandstone with a resistivity value of 1000 Ωm, 
respectively, from top to bottom (Fig. 8a). Moreover, we 
conduct forward simulation for an archaeological model 
(Fig. 5a) comprising a conductive target (left side) with a 
resistivity value of 10 Ωm and a relatively resistive target 

Fig. 4  SimPEG inversion procedure including inputs, implementation, evaluation and interpretation (Cockett et al. 2015)

Table 1  Pre-requests for Python-based inversion freeware

Python Freeware Dependencies

PyGIMLi (https://​www.​pygim​li.​org) Python, NumPy, Jupiter Notebook, or Spyder, SciPy, TetGen, and Matplotlib

BERT (http://​resis​tivity.​net/​bert) Python, NumPy, Jupiter Notebook, or Spyder, SciPy, TetGen, and Matplotlib

pyres (https://​github.​com/​kbefus/​pyres) Python, NumPy, R2 software, Jupiter Notebook or Spyder, SciPy, and Matplotlib

SimPEG (https://​docs.​simpeg.​xyz) Python, NumPy, Cython, Jupiter Notebook or Spyder, SciPy, Matplotlib

https://www.pygimli.org
http://resistivity.net/bert
https://github.com/kbefus/pyres
https://docs.simpeg.xyz
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(right side) with a resistivity value of 100 Ωm, buried in a 
silty clay host medium with a resistivity value of 50 Ωm 
(Keller 2017). We use four different scenarios based on 
the target sizes and survey depths. A 1  m target radius 
is set at three different depths to assess the depth effect 
on the performances of the inversion freeware; thus, the 
1 m target is buried at 1.5 m deep in scenario one, at 3 m 
deep in scenario two, and 5 m deep in scenario three. We 
also use scenario four, a 2 m target radius situated at 3 m 
depth, to examine the size effect.

The freeware algorithms are applied to solve the for-
ward resistivity problem. Since the dipole–dipole array 
provides a high resolution for buried targets (Doy-
oro et  al. 2021; Seaton and Burbey 2002), we apply its 
arrangement for surface resistivity probing using 41 elec-
trodes with 1  m spacing. We use the finite element tri-
angular unstructured mesh for model discretization in 
pyGIMLi, BERT, and ResIPy as shown in Fig.  5b, while 
finite volume tensor mesh is implemented in SimPEG. 
Every tested freeware is used to generate its forward 
resistivity datasets; for instance, Fig. 5c displays forward 
resistivity datasets for pyGIMLi. As measurement error 
does not observe in the synthetic data, we integrate the 
acquisition error by perturbing 3% Gaussian noise in 
which the random value noises are generated for every 
data point with zero mean and 3% standard deviation.

The inversion algorithms discussed in each freeware 
package are used for the inversion of forward resistiv-
ity data. The regularization value is set to 20 initially, 
which is reduced iteratively. The iterative inversion pro-
cess can modify the starting homogeneous model until 

an acceptable convergence between the model response 
and the observed apparent resistivity has to be achieved. 
The inverted models are compared to the actual model to 
examine the recovering ability of the inversion freeware 
(Fig. 5d).

Modelling algorithms may vary based on the efficiency 
of numerical calculations (Narayan et  al. 1994). We use 
the horizontally stratified geologic model (Fig. 6) to eval-
uate forward resistivity variation among the freeware 
packages. The forward resistivity results of pyGIMLi, 
BERT, and ResIPy are examined for different sizes of 
unstructured triangular grids. The comparison does not 

Fig. 5  The general framework of the forward-inverse modelling of geoelectric data: a synthetic model with two target bodies representing simple 
subsurface reality, b model discretization, c synthetic measure of apparent resistivity data, and d recovered model

Fig. 6  Forward resistivity data variation among the pyGIMLi, BERT, 
and ResIPy freeware for different grid sizes. The grid size value 
indicates the maximum area of unstructured triangular mesh for 
forward resistivity formulation
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include SimPEG forward results, as it implements finite 
volume tensor mesh. We determine the freeware for-
ward resistivity deviation (FRD) by averaging the resis-
tivity values of pyGIMLi, BERT, and ResIPy, and subtract 
the individual freeware resistivity values from the aver-
age values, which is divided by the total number of data 
points; it is expressed by

where ρavi is the average value of forward resistivity data 
points of pyGIMLi, BERT, and ResIPy, Fρi is the forward 
resistivity values for individual freeware packages, and n 
is the number of data points.

Militzer et  al. (1979) first introduced the anomaly 
effect (AE) to study the measuring ability of the electrode 
arrays. The anomaly effect can also be used to examine 
the recovering effectiveness of arrays for different buried 
geological targets and inspects the corresponding image 
quality, and it is determined using the expression (Aize-
beokhai et al. 2010; Militzer et al. 1979).

where ρmax , ρmin, and ρav indicate the maximum, mini-
mum, and average apparent resistivity datasets, respec-
tively. In this study, we apply the anomaly effect to assess 
forward resistivity calculating abilities of the inversion 
freeware (pyGIMLi, BERT, ResIPy, and SimPEG).

Modelling results
The obtained resistivity model resolution relies on the 
quality of measured datasets and the effectiveness of the 
inversion software. Even though the same input model is 
used, different inversion packages may show variations in 
the recovered model resolution and anomaly geometry. 
We examine the pyGIMLi, SimPEG, BERT, and ResIPy 
inversion freeware for horizontally layered geologic con-
ditions and archaeological targets sets in a homogeneous 
medium.

We assess the forward resistivity datasets of pyGIMLi, 
BERT, and ResIPy for different grid sizes. Figure 6 shows 
the freeware forward resistivity deviations from the aver-
age value. Low resistivity variations are shown among the 
tested freeware for the small grid sizes, whereas relatively 
high resistivity variations are displayed for the large grid 
sizes. However, the result generally shows less consider-
able resistivity discrepancies among the tested freeware, 
particularly between BERT and pyGIMLi.

Forward resistivity data with maximum anomaly infor-
mation can obtain a reliable inverted image (Okpoli 
2013). Thus, we calculate the anomaly effect of forward 
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resistivity data for simulated target scenarios using tested 
freeware packages. As presented in Fig.  7, the highest 
anomaly effect of 0.985, 0.967, 0.938, and 0.917 for the 
corresponding freeware packages of BERT, pyGIMLi, 
SimPEG, and ResIPy is exhibited for simulation of sce-
nario four. In contrast, the modelling of scenario three 
displays the lowest anomaly effect of 0.123, 0.223, 0.231, 
and 0.250 for ResIPy, SimPEG, pyGIMLi, and BERT, 
respectively. The result shows a slight variation of anom-
aly effect for the tested freeware packages, mainly BERT, 
pyGIMLi, and SimPEG. The anomaly effect is considera-
bly varied for the target size and buried depth. The large-
sized scenario four depicts a more pronounced anomaly 
effect compared to scenario two, situated at the same 
depth. Scenario three, relatively located at deeper depth, 
shows the lowest anomaly effect than the tested scenar-
ios. The increase of target buried depth can decrease the 
anomaly effect, indicating direct dependency on obtained 
image quality.

We assess inversion freeware performances for a 
horizontally layered sedimentary model (Fig.  8a). The 
obtained model results for the tested freeware packages 
are presented in Fig.  8b–e. All the freeware packages 
detect the sand layer; however, the thickness is slightly 
reduced in pyGIMLi and BERT. The gravel layer is more 
adequately identified in pyGIMLi, BERT, and SimPEG, 
but BERT’s layer thickness is considerably decreased. 
Similarly, the sandstone layer is recovered in all the tested 
inversion freeware eÎpt ResIPy. However, a significant 
overestimation of sandstone layer thicknesses is depicted 
in pyGIMLi and BERT. The gravel and sandstone layers 
are combined in the inverted models of ResIPy, indicat-
ing two-layer structures instead of three model layers. 
The centre of the model profiles is well resolved in all the 
tested inversion freeware. However, smearing is observed 

Fig. 7  The anomaly effect of the pyGIMLi, BERT, SimPEG, and ResIPy 
freeware for simulated buried targets
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at the end of the profiles, likely related to limited data 
points or no data coverages.

Inversion freeware packages are also examined for 
archaeological targets hosted in a homogeneous host 
medium. Figure  9 displays the inversion results for tar-
get scenario one with a 1  m target radius set at 1.5  m 
depth. The result exhibits high model resolution and 
accurate anomaly geometry for pyGIMLi and BERT, yet 
their anomalies have slightly deviated from the actual 
positions. However, a moderate resolution is observed 
in SimPEG, and relatively low resolution is exhibited in 
ResIPy. SimPEG and ResIPy correctly resolve the upper 
boundary of the target anomaly, while the base is slightly 
extended beyond the actual model. The background 
anomaly is reproduced accurately in all the tested free-
ware packages. Compared to the initial target resistivities, 
the inverted resistivity values are overestimated in the 
conductive target zone while underestimated in the resis-
tive target. In all the tested inversion freeware, the recov-
ered resistivity values of scenario one are overestimated 

about 7–10% for the conductive target while underesti-
mated about 3–5% for the resistive target.

Scenario two shows the recovered models for a con-
ceptual model with a 1 m target radius set at 3 m depth, 
as shown in Fig. 10. The target anomalies are moderately 
identified in pyGIMLi and BERT while slightly indicated 
in SimPEG and ResIPy. Besides, the obtained anomaly 
geometries are not correctly recovered in all the tested 
inversion freeware. Scenario two inversions in the tested 
freeware packages show considerable overestimations 
(33–38%) in the obtained resistivity for the conductive 
target while underestimations (21–26%) for the resistive 
target (Fig. 10). Overall, scenario two shows a noticeably 
lower model resolution than the shallowest target sce-
nario (Fig. 9).

In scenario three, a conceptual model of a 1  m tar-
get radius set at 5 m depth is inverted to assess further 
depth effect on the performances of the inversion free-
ware (Fig.  11). pyGIMLi, BERT, and SimPEG provide 
blurred resolution with highly broadened anomalies. On 

Fig. 8  a The layered conceptual model consists of sand, gravel, and moderately fractured sandstone from top to bottom. The inverted model 
results for the inversion freeware: b pyGIMLi, c BERT, d ResIPy, and e SimPEG. Unstructured triangular mesh is implemented in pyGIMLi, BERT, and 
ResIPy, whereas tensor mesh is used in SimPEG
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the other hand, target anomalies are not reproduced in 
ResIPy. As the target depth increases, significant resistiv-
ity overestimations (42–44%) have occurred in conduc-
tive anomaly zones, while underestimations (35–39%) 
are observed in resistive target anomaly zones for all the 
tested inversion freeware (Fig. 11).

Moreover, we examine the inversion freeware effec-
tiveness using different target sizes, such as 0.25, 0.5, 
1, and 2  m radius, all set at 3  m survey depth. Target 
sizes with 0.25 and 0.5  m radius are not recovered in 
all the tested freeware packages. Since the 1  m target 
radius is discussed in the earlier section as scenario two 
(Fig. 10), the inverted models for the 2 m target radius 
are presented as scenario four (as shown in Fig.  12). 
pyGIMLi, BERT, and SimPEG show high resolution for 
the inverted model of scenario four, while a relatively 
low resolution is exhibited in ResIPy (Fig. 12). The tar-
get geometries are accurately resolved in pyGIMLi and 
BERT. The upper boundary of the target anomaly in 
ResIPy is adequately recovered, whereas broadening 
occurs at the lower boundary. Its anomaly resolution is 

noticeably reduced as the survey depth increases. Sim-
PEG yields a relatively broader target anomaly than the 
actual target. The model resolution in all the inversion 
freeware packages is significantly enhanced as the tar-
get size increases (Fig.  12). Inversion in scenario four 
overestimates about 11–18% of the obtained resis-
tivity for the conductive target while underestimates 
about 4–9% for the resistive target. The larger target 
size of scenario four shows lower underestimation and 
overestimation in the obtained resistivity compared 
to the smaller target size of the same depth scenario. 
We also quantify the model accuracy of the freeware 
packages for scenario four as an example. The model 
accuracy is obtained by summing up the square of the 
difference between the inverted resistivity and the true 
model resistivity. The result shows a model accuracy of 
21,051.37 for BERT, 22,854.23 for pyGIMLi, 25,024.35 
for SimPEG, and 28,135.69 for ResIPy, indicating direct 
association with the inverted model resolution, as dis-
played in Fig. 12.

Fig. 9  The inverted model of scenario one for a 1 m target radius located at 1.5 m depth using the inversion freeware: a pyGIMLi, b BERT, c ResIPy, 
and d SimPEG. The broken circles indicate the actual targets; the left for conductive while the right for resistive target. Unstructured triangular mesh 
is implemented in pyGIMLi, BERT, and ResIPy, whereas tensor mesh is used in SimPEG
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Discussion and conclusions
Inversion freeware performances are exclusively intended 
on how well the inverted model can estimate the subsur-
face features since no algorithms can recover complete 
realism. We review and discuss an open-source inversion 
freeware for geoelectric data that are developed under 
Python interface, including pyGIMLi, SimPEG, BERT, 
ResIPy, and pyres. The capability of inversion freeware 
may vary based on the code structure, mesh design, and 
type of dependency. In addition, this study examines the 
recovering performances of pyGIMLi, SimPEG, BERT, 
and ResIPy freeware by inverting the same input models. 
A conceptual model with low and high resistive targets 
sets at different depths of the homogeneous host medium 
is used for numerical experiments.

Table  2 shows the application of tested inversion 
freeware for reproducible researches. The most ver-
satile pyGIMLi package is effectively applied for vari-
ous geophysical data inversion (Rücker et  al. 2017). 
The framework development of SimPEG is focused on 
modularity, usability, documentation, and extensive 
unit testing, which can be used as an interface to create 

new inversion codes (Cockett et al. 2015). pyGIMLi and 
SimPEG are mainly applied for inversion of geoelectric, 
travel time tomography, potential field, and electromag-
netic data. They also perform joint inversion of direct 
current resistivity and magnetotelluric data to enhance 
model resolution. Moreover, pyGIMLi specifically per-
forms a petrophysical coupled inversion of travel time 
and resistivity imaging data, which combines the benefit 
of the two methods to quantify water saturation. Thus, in 
addition to geoelectrical data modelling and inversion, 
pyGIMLi and SimPEG can be implemented for a wide 
range of geophysical studies.

In contrast, BERT, pyres, and ResIPy are mainly imple-
mented for modelling and inversion of geoelectrical 
data. BERT applies similar code design and retrieval with 
pyGIMLi; thus, it can import pyGIMLi tools to facili-
tate the forward and inverse problems. Furthermore, 
the highly flexible mesh of BERT freeware can incorpo-
rate complex topographic features and subsurface struc-
tures (Audebert et  al. 2014; Günther et  al. 2006). The 
same mesh design and inversion algorithm are used in 
pyres and ResIPy. pyres uses scripting language, while 

Fig. 10  The recovered model of scenario two for a 1 m target radius situated at 3 m depth applying the inversion freeware: a pyGIMLi, b BERT, 
c ResIPy, and d SimPEG. The broken circles show the actual targets; the left for conductive while the right for resistive target. pyGIMLi, BERT, and 
ResIPy use unstructured triangular mesh, while SimPEG implements tensor mesh
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ResIPy applies a graphical user interface (GUI). The GUI 
in ResIPy removes the need for text inputs and assists 
the user in pre- and post-processing stages. In contrast, 
pyres is more suitable for inversion of larger datasets than 
ResIPy (Blanchy et  al. 2020). However, its code is less 
extensible and flexible compared to the other tested free-
ware codes.

The tested inversion freeware varies based on the mesh 
design and forward formulations. For instance, SimPEG 
implements the finite volume of structured and semi-
structured meshes, while pyGIMLi applies structured 
and unstructured meshes using the finite element and 
finite volume methods. On the other hand, finite element 
of unstructured mesh is used in BERT, whereas pyres and 
ResIPy implement structured and unstructured meshes 
using the finite element method. However, the structured 
mesh requires less memory and saves computational 
time; it is less flexible for numerical formulation in the 
gradient direction compared to the unstructured mesh 
(Sack and Urrutia 1999). The unstructured mesh refines a 
grid size in the vicinity to the electrode location and tar-
get zone where strong contrast of the simulated electric 

potential requires enhanced numerical accuracy and its 
grid size enlarges towards the computational boundaries 
to account for numerical calculation of low sensitive zone 
(Blanchy et  al. 2020; Nguyen et  al. 2005; Rücker et  al. 
2006). Besides, a quality checker in pyGIMLi and BERT 
can control the gridding error of unstructured mesh. 
Since the unstructured mesh is superior in represent-
ing complicated subsurface structures, topography, and 
complex acquisition, it is primarily applied for geoelec-
trical modelling and inversion in pyGIMLi, BERT, pyres, 
and ResIPy freeware packages. Thus, using the inversion 
freeware with flexible mesh type can enhance resistivity 
distributions and numerical calculations, consistent with 
other studies (Sack and Urrutia 1999; Tomita et al. 2012).

We evaluate the efficiency of the tested inversion 
freeware as the computational cost plays an essential 
role in geophysical modelling. Using a CORE i5 Intel 
computer with 20 GB random access memory (RAM), 
the processing time per cell takes 13  ms for SimPEG, 
16  ms for ResIPy, 29  ms for BERT, and 38  ms for 
pyGIMLi. This indicates that SimPEG and ResIPy are 
computationally the most efficient, BERT is moderately 

Fig. 11  The inverted model of scenario three for a 1 m target radius located at 5 m depth using the inversion freeware: a pyGIMLi, b BERT, c ResIPy, 
and d SimPEG. The broken circles indicate the actual targets; the left for conductive while the right for resistive target. Unstructured triangular mesh 
is implemented in pyGIMLi, BERT, and ResIPy, whereas tensor mesh is used in SimPEG
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efficient, whereas pyGIMLi is the least efficient. The 
tested freeware packages can adequately work on a 
computer with more than 4  GB RAM. However, the 
more extensive models can require a higher RAM com-
puter; for instance, the experimental model in Fig.  8 
requires a computer processor greater than 6 GB RAM.

Effective calculation of forward resistivity dataset 
can play a vital role in the quality of the inverted model 
(McGillivray 1992). The numerical resistivity variations 
among the pyGIMLi, BERT, and ResIPy are examined 
for different grid sizes. Slight resistivity discrepancies 
are shown among the tested freeware, mainly for small 

Fig. 12  The recovered model of scenario four for a 2 m target radius located at 3 m depth applying the inversion freeware: a pyGIMLi, b BERT, 
c ResIPy, and d SimPEG. The broken circles show the actual targets; the left for conductive while the right for resistive target. pyGIMLi, BERT, and 
ResIPy use unstructured triangular mesh, while SimPEG implements tensor mesh

Table 2  Implementation of inversion freeware for reproducible geophysical studies

Freeware Applications Key References

pyGIMLi ERT/IP (Günther and Martin 2016; Klingler et al. 2020; Nickschick et al. 2019)

EM/MT (Audebert et al. 2014; Rochlitz et al. 2019)

Travel time tomography (Whiteley et al. 2020)

Joint/coupled inversion (Jordi et al. 2020; Rochlitz et al. 2019; Rücker et al. 2017)

BERT ERT/ IP (Carriere et al. 2015; Gourdol et al. 2018; Udphuay et al. 2011)

pyres/ResIPy ERT/IP (Benjamin et al. 2020; Blanchy et al. 2020)

SimPEG ERT/IP (Mitchell 2020; Simpson and Heinson 2020)

EM/MT (Heagy et al. 2017; Kang et al. 2015; Oldenburg et al. 2020)

Joint inversion (Astic et al. 2021; Kang et al. 2018)
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grid sizes. Moreover, the anomaly effect shows the vari-
ation of freeware effectiveness for forward resistivity for-
mulations. The anomaly effect of the forward resistivity 
dataset is less considerably varied for the tested freeware 
packages: pyGIMLi, BERT, SimPEG, and ResIPy. The 
anomaly effect for different electrode arrays and geo-
logic conditions are noticeably varied (Dahlin and Zhou 
2004). This study exhibits a significant change of anomaly 
effect for the target size and depth. The increase in tar-
get size can increase the anomaly effect. As target depth 
increases, the anomaly effect of the forward resistivity 
results of the tested freeware is decreased. This is likely 
associated with the measurement sensitivity of the elec-
trode array. High measurement sensitivity of an array 
near the electrode position might enable a high anomaly 
effect than far electrode location (Doyoro et  al. 2021; 
Loke 2013).

The inverted model resolution shows variation with 
regard to the target size and survey depth in addition 
to the type of freeware used. Our numerical experi-
ment shows that the larger anomaly targets are correctly 
resolved in all the tested inversion freeware packages 
(Fig.  12), yet they do not display any signatures for the 
target radius less than 0.5  m set at 3  m depth. Moreo-
ver, the tested freeware recovery effectiveness is varied 
based on the target depth-to-dimension ratio. pyGIMLi, 
BERT, and SimPEG can recover a target diameter larger 
than one-fourth of its depth. On the other hand, ResIPy 
can reproduce a target diameter larger than one-third 
times its depth. The tested inversion freeware may detect 
relatively deeper targets if the anomaly geometry is not 
considered.

The decrease in model resolution and consider-
able anomaly size overestimations have occurred as 
the buried target depth increases. One factor explain-
ing this limit is the declining measurement sensitivity 
of the surface resistivity probing. This direct conse-
quence of fundamental physics law cannot be improved 
unless cross-hole resistivity imaging can be imple-
mented (Barker 1989; Loke 2013). The second factor 
is decreasing of measured data density as the survey 
depth increases (Nguyen et al. 2005; Oldenburg and Li 
1999). The measured resistivity data have an insignifi-
cant influence on the model inversion at greater depth, 
leading to noticeable uncertainty. The third factor is 
the smoothing effect of the freeware inversion algo-
rithm (Portniaguine and Zhdanov 1999). It regularizes 
high resistivity contrast between the target and host 
medium, limiting the recovery of accurate anomaly 
geometry. Because of the inversion regularization, the 
inverted resistivity data are considerably overestimated 
for the conductive target while underestimated for 
the resistive target, particularly at deeper depths. The 

increase in the target size of the subsurface structure 
can substantially minimize the smoothness effect of the 
freeware inversion processes.

There are challenges in comparing different resistivity 
inversion freeware packages. The difference in discretiza-
tion algorithms could create variations in the recovered 
models (Hellman et al. 2016). For example, comparing the 
inversion freeware packages with finite element and finite 
difference methods may significantly change the inverted 
model results. Furthermore, using the same colour scale 
for obtained models of different freeware packages can 
considerably affect the resolution, particularly in ResIPy 
and SimPEG. Despite those constraints of inversion free-
ware comparisons, our modelling shows relatively higher 
resolution in pyGIMLi, BERT, and SimPEG than the 
other tested freeware packages. In the same manner, the 
numerical resistivity data inversion by pyGIMLi (Jordi 
et al. 2020) and field data inversion by BERT display high 
resolutions (Flechsig et al. 2010).

Our review and numerical experiment can identify 
suitable freeware for geoelectric data inversion. Compar-
atively, all the tested inversion freeware packages could 
resolve the subsurface features having a size greater than 
or equal to the target size in scenario four. pyGIMLi and 
BERT could also be effective for inverting small-scale 
targets with smaller than or equal to the anomaly size in 
scenario two. The small-scale target could also be repro-
duced in SimPEG; however, the model resolutions and 
anomaly accuracies are considerably reduced. Horizon-
tally stratified modelled layers are adequately recovered 
in all the tested freeware except ResIPy. Overall experi-
mental results show that pyGIMLi, BERT, and SimPEG 
freeware packages could be more effective for geoelectri-
cal data inversion. We hope that this study will promote 
and inspire reproducible research and communication of 
Python-based inversion freeware to help tackle some of 
the inherently multidisciplinary geophysical problems in 
addition to geoelectrical datasets.
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