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Abstract: Assessment of the current state of the near-surface part of the geological environment
and understanding of its layered structure play an important role in various scientific and applied
fields. The presented work is devoted to the application of phasometric modifications of geoelectric
control methods to solve the problem of the detailed complex study of the underground layers of the
environment in the process of drilling operations with the use of special equipment. These studies are
based on the analysis of variations in phase parameters and characteristics of an artificially excited
multiphase electric field to assess poorly distinguishable details and changes in the layered structure
of the medium. The proposed method has increased accuracy, sensitivity and noise proofness of
measurements, which allows for extracting detailed information about the heterogeneity, compo-
sition and stratification of underground geological formations not only in the zone where the drill
makes contact with the medium, but also in the entire control zone. This paper considers practical
mathematical models of phase images for basic scenarios of drill penetration between the layers of
the near-surface part of the geological medium with different characteristics, obtained by means of
approximation apparatus based on continuous piecewise linear functions, and also suggests the use
of modern machine learning methods for intelligent analysis of its structure. Studying the phase
shifts in electrical signals during drilling highlights their value for understanding the dynamics of
soil response to the process. The observed signal changes during the drilling cycle reveal in detail
the heterogeneity in soil structure and its response to changes caused by drilling. The stability of
phase shifts at the last stages of the process indicates a quasi-equilibrium state. The results make a
significant contribution to geotechnical science by offering an improved approach to monitoring a
layered structure without the need for deep drilling.

Keywords: near-surface part of geological environment; layered structure; drilling process; phasometric
methods; geoelectrics; phase images; approximation; continuous piecewise linear functions; machine
learning; intellectual analysis
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1. Introduction

Assessment of the current state of the near-surface geological environment and under-
standing of its layered structure play an important role in various scientific and applied
fields, ranging from geophysics to geotechnical and environmental engineering and others.
For example, in geotechnical engineering, accurate knowledge of the properties and charac-
teristics of the environment is necessary for designing foundations, analyzing the stability
and stability of slope areas to ensure the overall structural integrity of the engineering and
technical facilities being constructed, etc. In applied geo-ecology, a deep understanding of
the composition of underground layers helps in assessing groundwater movement, ana-
lyzing and predicting the mechanisms of oil pollutant transportation, taking measures to
eliminate adverse environmental effects, etc. Understanding the structural composition of
the geological environment is also extremely important for soil treatment in agriculture [1].

In the context of the detailed complex study of underground layers of the environment,
especially in the process of drilling operations with the use of special equipment, the use
of phasometric modifications to geoelectric methods of control is an effective tool for
their study. These studies are based on the analysis of the variations in phase parameters
and characteristics of an artificially excited multiphase electric field for the evaluation of
weakly distinguishable details and changes in the layered structure of the surface part of
the geological medium. The choice of the phasometric method of control is conditioned
by its increased accuracy, sensitivity and noise immunity during measurements, and the
electric field—by the significant sensitivity of the electrical properties of the medium to the
presence of surface inhomogeneities and ongoing geodynamic processes [2,3].

In this control method, the study of variations in phase parameters and characteristics
of geoelectric signals recorded during drilling is aimed at extracting valuable information
about the heterogeneity, composition and stratification of underground geological forma-
tions. The proposed method provides detailed information not only about the zone of drill
contact with the medium, but also allows for obtaining extended information about the
structure of underground layers in the whole control zone [4,5].

In this aspect, it is extremely important to have easy-to-use mathematical models of
phase images for basic scenarios of drill penetration between layers of the near-surface part
of the geological medium with different characteristics, as well as to use modern methods
of machine learning for the intelligent analysis of its structure [6–15].

The study [2] aims to investigate the influence of the interaction between the near-
surface geologic environment and reinforced concrete (RC) structures and their vulnerabil-
ity to seismic effects. The study involved the design and modeling of a group of reinforced
concrete structures placed on three different soil types. The interaction between the near-
surface portion of the geological environment and the foundation was modeled using a
non-equilibrium Winkler-based technique. Non-equilibrium static analysis and incremen-
tal dynamic analysis were performed to evaluate the seismic behavior and vulnerability
of the reinforced concrete structures, taking into account the assumptions of rigid and
flexible foundations.

The numerical analysis revealed that soil–structure interaction (SSI) has a significant
impact on the vulnerability and stability characteristics of structures installed on rigid
soils. This emphasizes the importance of considering SSI in the design and construction
of buildings and structures, especially in seismically active regions. In the course of the
study, a methodology for direct determination of the stability level of soil foundations was
developed. It involves modifying the acceleration spectrum of the main mode. This ap-
proach provides engineers with an effective tool to better assess risks and design measures
to strengthen structures, ultimately contributing to their safety and reliability. This paper
contributes to the understanding of the seismic vulnerability of the interaction between
the near-surface geologic environment and reinforced concrete structures by providing
practical results for assessing the vulnerability of reinforced concrete structures under
different soil types.
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This paper explores the fundamental role of soil in maintaining ecosystem functions
and its contribution to the agricultural sector [16], flora growth, fauna viability, biodiversity
conservation, carbon sequestration and overall environmental health. Soil, as a critical
component of the Earth’s critical zone, is experiencing global degradation caused by
anthropogenic and natural processes such as contamination, erosion, and increased salinity
and acidity [17,18]. These changes negatively affect groundwater quality and stability
of earth foundations, which in turn affect agriculture and infrastructure construction.
In the context of global aspirations by 2030, the need to move towards sustainable soil
management practices that will ensure soil conservation and restoration, as well as support
sustainable agricultural sector and infrastructure development, is emphasized.

The study by Hou et al. [15] emphasizes the importance of soil conditions. The
authors emphasize the interdisciplinary links between soil and key environmental aspects,
including biodiversity and climate change, offering an integrated approach to address these
issues. Recognizing that soil is a major terrestrial carbon reservoir, as well as a significant
source of greenhouse gases and water, the study highlights the need to develop methods to
monitor the condition of soil structure. The importance of agriculture in maintaining the
required soil condition is highlighted as a critical factor requiring improved information
management and knowledge sharing to encourage sustainable practices among land users.
In the context of decreasing government funding for soil data collection, new technologies
such as data mining algorithms [19] offer new opportunities for integrated data collection
and analysis [20]. The study also highlights the relationship between soil sustainability
and the sustainability of soil foundations, which has direct implications for construction
and infrastructure, emphasizing the need to integrate soil research into the development of
sustainable soil use strategies.

Groundwater at an optimal level can improve the stability of building foundations
and prevent their deformation. Considering the importance of groundwater for the stability
of soil foundations [20] and agricultural efficiency, it should be noted that the level and
quality of groundwater can have a significant impact on the structural and functional
characteristics of soils [21,22]. Also, there are studies describing the influence of water
regime on the properties of soils used in the base of highways [23].

In agriculture, effective groundwater management and utilization can increase crop
productivity and improve yield, which is critical for food security [22].

As part of the monitoring of the drilling process, research by Nielson et al. and Liu et al.
presents a technique to monitor changes in the electrical characteristics of the signal caused
by drill movement. The monitoring system, operating at 166 Hz and 500 V amplitude,
provides reliable data transmission to depths of up to 250 m. The use of deep learning
techniques, including capsule neural networks, allows for signal data to be analyzed with
high accuracy. The WFT-2D-CapsNet modification showed 99% accuracy in identifying
transitions between different rock formations, outperforming traditional MWD and LWD
methods. These results emphasize the potential of applying advanced technologies in
drilling process monitoring to obtain accurate data on ground conditions and drilling
progress [24,25].

The study by Bykov et al. in [26] focuses on the use of the phasometric method to
control the drilling process. A comprehensive review of the technical aspects of vertical
electrotomography using the phasometric method is provided. The study presents details
of a laboratory experiment evaluating the effectiveness of drilling process control by using
phasometry and demonstrating the dynamics of phase signal changes in the receiving lines
of electrodes as the drill passes through soil layers with different characteristics. The results
of the study, supported by graphical material, confirm the metrological capabilities of the
proposed phasometric method, emphasizing its potential in the optimization of drilling
parameters in real time.

Mathematical justification of the application of seismoelectric and phasometric meth-
ods of geoelectric control to detect defects and deformations at the early stages in the
integrity of the foundation of railroad tracks was carried out in [27] (Bykov et. al). The
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study considers laboratory modeling of the natural–technical system “railroad track” in or-
der to assess the prospects of these methods. The results of laboratory studies demonstrate
high efficiency in registration of weak useful electrical signals against the background of
significant external interference. The obtained phase images in the course of laboratory
modeling confirm the presence of a transient process causing the initial phase shift and
allowing to detect the initial stage of defect formation in the soil base of the railway track.

As a result of the analysis of scientific works on the research topic, it was revealed
that in the conducted research, insufficient attention is paid to the study and analysis of
variations in the phase shifts of registered geoelectric signals in the process of drilling in
order to assess the structure of the near-surface part of the geological environment. In
addition, a mathematical description of the phase images of the basic scenarios of drilling
transition between layers is required. This motivated the conduct of this study, aimed at
investigating and addressing these issues.

2. Study Area

This study was carried out in a flat area, which, at the same time, is characterized by
a complex structure and varied geological conditions. Within the study area, layers with
different physical characteristics can be identified, including porosity, moisture content
and composition. The thickness of the layers varies from 30–50 to 100–130 cm, which
significantly affects the electrical properties of soils. There are no geodynamic processes,
such as karst formations, that can affect the accuracy of measurements.

3. Materials and Methods

It is known [22,23] that measurements of phase parameters and characteristics have
increased information content, accuracy and noise immunity in comparison with ampli-
tude ones. At the moment, phasometric methods and geodynamic control devices are
successfully used in the electromagnetic control of various geodynamic objects, in geotech-
nical monitoring of engineering buildings and structures, in goniometric control based on
accelerometric transducers, etc.

The methods and devices of phasometric control are based on continuous measure-
ments of instantaneous values of phase shift angles between oscillations of fields of equal
frequency and the determination of their parameters and characteristics. For a pair of
signals of the same angular frequency ω, the phase shift ∆φ = φ2 − φ1 can be determined
through the time delay ∆t = t2 − t1 (time shift) as follows:

∆φ = ω∆t = 2π f ∆t =
2π∆t

T
=

360o∆t
T

,

where T is the signal period.
According to the provisions of measurement theory, the problem of determining the

phase difference of a pair of oscillations ∆φ can be solved in various ways that allow
for their implementation, both in analog and digital form. At the same time, the main
classification of methods involves their differentiation according to the type of signals
being compared, dividing them into methods for comparing the phases of quasi-harmonic
and pulsed signals, with the second group of methods being less preferable for practical
implementation. This is due to the appearance of additional measurement errors in the
presence of high-frequency noise; useful or spurious amplitude modulation of the compared
signals; shifting their zero level; as well as those caused by the loss of information due to
the processes of converting quasi-harmonic signals into pulsed ones.

In relation to the tasks of automated monitoring of the layered structure of the geo-
logical environment, the use of phasometric control methods involves isolating, analyzing
and monitoring the dynamics of the phase ∆φ(jω, x, y, z) transfer function of the controlled
zone of the environment in real time (x, y, z—spatial coordinates).

At the same time, the general methodology for applying geoelectric modification of
phasometric methods and active geodynamic control devices includes the following stages:
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- Generation of sounding signals to create the necessary multiphase field structure in
the controlled zone of the near-surface part of the geological environment;

- Excitation in the controlled zone of the near-surface part of the geological medium of
a multiphase field using point radiating source poles;

- Adaptive control of the parameters of the probing signals and the positioning of the
monitoring system to carry out its initial calibration and balancing according to the
recorded field vectors;

- Reception and primary conversion of measuring signals recorded by point field
receiver poles, necessary to eliminate existing interference and amplify measuring
signals to the required level;

- Secondary processing of converted signals, aimed at forming phase images, determin-
ing their parameters and characteristics, as well as eliminating the geodynamic trend;

- Interpretation of the information obtained at the previous stage.

This experimental study was carried out using a specially designed rig for smooth
and continuous drill immersion. The setup was designed in a radial configuration and
equipped with eight receiving electrodes and two emitting electrodes. A moving average
filtering method was used for signal processing. The size of the averaging window was
2000 samples (about two seconds). The digital-to-analog converter (DAC) operated in
generation mode at a frequency of 166 Hz. The amplitude at the DAC output was set at
0.03 V. The data collected during the experiment were processed using sampling with a
sampling rate of 1001 Hz. This ensured high accuracy and reliability of the results obtained.

Different color designations for the displayed phases of the recorded signals were
used in the following graphical designation: Red (M1N1), Green (M2N2), Blue (M3N3) and
Turquoise (M4N4). The input configurations of the experiments included three types of
signals. The generated signals, represented by red and green, were generated during the
experiment. Receiving signals, represented by blue and turquoise colors, corresponded
to M1N1 and M2N2, respectively. The phase signals, represented by yellow and purple
colors, represented M3N3 and M4N4, respectively. Thus, each experiment used three types
of signals: generated input signals, received signals that were processed, and received
phase signals.

Input Generated Signals. These signals represent electrical signals that were created
and generated by the research equipment during the experiment. In this study, the red and
green signals were activated and monitored to determine their effect on the sensing process
and their influence on the acquired data.

Input receiving signals. These signals represent the input signals received from
the receiving electrodes (M1N1, M2N2, M3N3 and M4N4) that responded to the probing
electrical signal generated in this study. They recorded changes in the electric field as a
result of the impact of the drill on the soil structure. These signals are the basis for further
analysis and evaluation of soil structural characteristics.

Phase signals. Phase signals refer to the changes in phase of the signal received from
different pairs of electrodes (e.g., Red M1N1, Green M2N2, Blue M3N3 and Turquoise
M4N4). The phase characteristics of the signals can contain important information about
soil properties such as soil composition, depth and other parameters. Analyzing these
phase signals helps in deciphering the structure of the subsurface and evaluating its
characteristics during the drill sinking process. All signal data were converted to text files
with geometric details:

The distance between the transmitting electrodes A and B, through which a signal
with a phase difference of 90 degrees is applied to the soil, was set to 1 m (see Figure 1).

The diameter of the “circle” for the receiving electrodes (M1M2M3M4N1N2N3N4) was
40 cm.
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4. Results
4.1. Progress of the Experiment

This experiment involved preparing equipment, calibrating measuring instruments,
registering phase geoelectric signals during the drilling process, and processing of the
received data, including real-time monitoring. The experiment included uniform vertical
immersion of the drill and immersion at an angle (approximately 45%). The corresponding
results from these experiments were obtained and analyzed.
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Experiment 1 (Figures 2–4):
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- Immersion: start—70 s; end—145 s.
- Extraction: start—220 s; end—260 s.
- Depth: 72 cm.
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Intermediate analysis results allow for quickly identifying changes in the geological
environment and making the necessary adjustments to the drilling process, which ensures
high accuracy in assessing the structure of geological layers (see Figure 17).
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To assess the possibility of using geoelectric modification of phasometric methods
and devices in the tasks of monitoring the layered structure of soils using an experimental
installation, a full-scale study of the process of drilling through layers of the subsurface
part of the geological environment with various electrical characteristics was carried out.
The following parameters of the experimental setup were used in the experiment: the
distance between the emitting electrodes AB 800 m; the distance between the receiving
electrodes M1N1—700 m; the distance between the receiving electrodes M2N2—600 m;
the distance between the receiving electrodes M3N3—500 cm; the distance between the
receiving electrodes M4N4—400 m.

During the research, a well was drilled, while a metal drill was immersed in the
ground to a depth of 250 m with registration of changes in the phase characteristics of
electrical signals.

Brass rods with a length of 1 m driven into the ground were used as emitting and
receiving electrodes, with the help of which an artificial electric field was created and
recorded. The frequency of probing electrical signals was 166 Hz, the amplitudes of
probing electrical signals were 500 V. Digital generation and signal processing were carried
out using a data acquisition system based on the multifunctional ADC/DAC module
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E-502-P-EU-D. The registration of changes in the electric field was carried out at a sampling
frequency of ADC 10,101 Hz.

According to the results of the experimental studies, it was found that a change in the
phase characteristics of the signals provides information about the depth of drilling and
about the electrical characteristics of the soil layers into which the drill is immersed, which
allows, in particular, for judging the degree of its moisture saturation.

4.2. Mathematical Models of Phase Images of Basic Scenarios of Drill Transition between Layers

To solve the problem of monitoring the soil structure in the near-surface part of the
geological environment, it is recommended to apply an approach based on the creation
of a group of basic mathematical models of typical phase images. These models can
be used for subsequent calculation of their mutual correlation function with real phase
images obtained as a result of processing of measurement signals from each channel of the
monitoring system. The same approach can be applied to detect ground layers differing in
their physical properties.

Such model phase images include reference (in the absence of geodynamic processes);
reference in the presence of destabilizing factors of natural, climatic and anthropogenic
character; reference in the presence of geodynamic processes; and reference in the presence
of geodynamic processes and the impact of destabilizing factors of natural, climatic and
anthropogenic character.

To compose these mathematical models, we can use the assumption of additive
model of interaction of useful and interfering components of phase images and apply the
approximation apparatus on the basis of continuous piecewise linear functions (CPLFs) [28],
which have a simple typical analytical form of recording for complex signals of arbitrary
form. Such functions include the switching (Figure 18a), including (Figure 18b) and
combined NCLFs (Figure 18c).
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The switching NCLF can be analytically written in the following form:

qi(ϑ) =
q0i

2∆i
(|ϑ − ϑi| − |ϑ − ϑi + ∆i|+ ∆i),

where i—is the number of NCLFs, q0i —is the height of the function, ϑ, ϑi—is the value of
the argument at the beginning and end of the slope section and ∆i—is the length of the
slope section.

The characteristics of switching NCLFs of different shapes can be obtained by summa-
tion of several modules.

A switching NCLF is obtained by subtracting two switching NCLFs:

Qi(ϑ) = Kσ

1

∑
λ=0

1

∑
γ=0

(−1)λ+γ

∣∣∣∣ϑ − ϑi − γ∆i −
λ

2Kσ

∣∣∣∣,
where Kσ is the steepness of the lateral components; λ, γ—identifiable parameters.

The combined NCLF, having the form of a triangular function, is analytically given
as follows:

Q̂i(ϑ) =
1

2∆i

1

∑
λ=0

1

∑
γ=0

(−1)λ+γ|ϑ − ϑi − (λ + γ)∆i|.

However, from this aspect, it seems more promising to use an intelligent approach
based on the use of artificial neural networks [19,29,30]. The idea of the method is to recog-
nize and classify individual layers of the near-surface part of the geological environment,
as well as transitions between them, by the type of graphs of phase images over time.
Methods such as capsule networks (CapsNets), generative adversarial networks (GANs)
and convolutional neural networks (CNNs), especially 1D-CapsNet, 2D-CapsNet, Basic-
DCNNs and VGGNet-16, have proven effective in analyzing such data [31]. For example,
the work [19] describes the use of a CapsNet to convert graphs of the frequency spectrum
of phase signals into two-dimensional images and their subsequent analysis, which allows
for achieving high accuracy of classification of geological layers [27]. The presented models
can be used to optimize the drilling process parameters in various situations.

In addition, the use of neural networks can significantly reduce the time for data
processing and increase the accuracy of interpretation of results. With the ability to process
large quantities of data in parallel, neural networks provide high performance even when
working with massive geophysical data. Artificial neural networks also make it possible
to take into account nonlinear dependencies and relationships in the data, which helps to
more accurately identify hidden patterns and anomalies in the geological environment.
The introduction of these technologies into drilling and geological exploration processes
helps to improve the safety and economic efficiency of projects, thanks to a more accurate
assessment of the structure and composition of geological layers. Thus, the integration
of machine learning and artificial intelligence methods into geophysical research opens
up new opportunities for improving the quality and speed of data analysis, which is
an important step in the development of modern technologies in the field of geology
and drilling.

In particular, previous work [19,30,31] showed how the use of the CapsNet and GAN
methods can achieve significant results in increasing the accuracy and speed of data analysis.
The use of these technologies allows for more efficient management of the drilling process,
which ultimately leads to reduced costs and increased safety of operations.

5. Discussion

Discussion and Results. In the experiment, the observed change in phase signals
during the transition from drill immersion to drill retrieval provides important insights into
the electrical response of the soil structure. Consider the following scientific explanation:

1. Before the dive:



Mathematics 2024, 12, 2194 14 of 17

- Behavior of the phase signals: The phase signals were fixed near zero before the
dipping process began.

- Scientific explanation: Before the immersion process began, the soil–electrode
interaction was in a relatively stable state.

The electrical properties of the soil may have caused the phase signals to oscillate
around zero, indicating a ground state or equilibrium.

2. Start of dive:

- Behavior of phase signals: Phase signals began to deviate from zero with the
onset of immersion (positively or negatively).

- Scientific explanation: Drill penetration into the soil and interaction with subsur-
face materials resulted in changes in the electrical properties of the soil, which
was reflected in the phase signal deviation.

3. End of immersion:

- Phase signal behavior: The phase signals reached a stable value with some fluctuations.
- Scientific explanation: As the maximum diving depth was reached, the electrical

properties of the soil stabilized. The observed fluctuations may indicate dynamic
interactions or fluctuations in the soil structure.

4. Start of extraction:

- Phase signal behavior: Phase signals returned to near zero.
- Scientific explanation: The extraction process leads to the restoration of electrode-

soil equilibrium, reflected in the return of phase signals to near-zero values.

In general, the observed changes in phase signals during the dip–retrieval cycle indi-
cate the sensitivity of the electrical response to changes in soil structure. Oscillations in the
phase signals at the end of the dipping process may be due to dynamic interactions between
drilling equipment and heterogeneous subsurface layers, providing valuable insights into
heterogeneity and drilling-induced temporal effects on soil electrical properties.

The detected oscillations in the phase signals at the end of the sinking process can be
explained by dynamic interactions between the drilling equipment and the heterogeneous
subsurface. As the drill penetrates different soil layers with different characteristics such
as density and moisture content, the electrical response undergoes periodic fluctuations.
These oscillations are likely due to a complex interplay of factors, including changes in
the electrical conductivity of different soil horizons, dynamic changes in soil structure
during drilling, and the effects of moisture redistribution. The periodic nature of the
oscillations can provide valuable insights into the heterogeneity of the subsurface and the
drilling-induced temporal effects on soil electrical properties.

To optimize the subsequent analysis of the obtained time series, a mathematical
method based on finite field and polynomial theory can be used, as described in [32].
This approach allows for approximating the data with high accuracy and determining the
inflection points of the function. Thus, it is possible to draw conclusions about changes in
the characteristics of the probed soil section during drilling.

6. Conclusions

In conclusion, the analysis of the probing electrical signals and their variations in phase
shift during drilling provides valuable research data on the dynamics of soil response. The
observed signal variations during the drilling cycle provide a subtle understanding of soil
structure, revealing its heterogeneity and response to drilling-induced changes. The stabil-
ity revealed in later stages of the process indicates a quasi-equilibrium state. The results
obtained contribute to the geotechnical and environmental sciences by proposing an im-
proved approach to the characterization of subsurface layers. The presented methodology
and results emphasize the potential for wider application in soil investigations, enriching
our knowledge of geological formations and contributing to the practice of engineering so-
lutions. However, it should be noted that the effectiveness of the phasometric method may
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be reduced in conditions of high humidity and in the presence of strong electromagnetic
interference [22].

An important aspect of research is monitoring structural changes in various objects
over a long period of time. For example, in the tasks of control and prediction [32] of the
state of engineering structures and monitoring of deformations and stress changes caused
by temperature gradients and concrete shrinkage, the results of phasometric control can
serve as a source of primary information. This allows for the application of phasometric
data for analysis and prediction, as described in the article on monitoring a self-supporting
concrete beam suspension bridge [33,34], highlighting the importance of integrating dif-
ferent methods to improve the accuracy and reliability of the assessment of changes in
engineering systems [35,36].

In the context of further research, the authors intend to continue studying the changes
in phase shifts of the probing electrical signal during the drill’s passage through soil layers
characterized by different physical and electrical properties. In the future, it is also planned
to develop methods to compensate for these interferences to further improve the accuracy
and reliability of our methods. The aim is to estimate the soil structure during drilling
under complicated conditions, as well as under conditions of uncertainty and vagueness of
the initial information.

In addition, it is planned to develop models that will allow for describing the drilling
process under different modes of drill plunging and retrieval. This will take into account
the scarcity and vagueness of the initial information. As a result, the authors intend
to develop a decision support system that will contribute to a better understanding of
the soil structure based on the data obtained during the drilling process. The research
conducted contributes to effective soil probing to detect inhomogeneities and the presence
of groundwater and cavities. This significantly improves the reliability of the soil bases of
roads and engineering structures. As a result, more accurate planning and construction of
infrastructure is possible, leading to reduced risks and increased durability of structures.
In addition, improved understanding of soil structure and groundwater availability can
contribute to more efficient use of groundwater in agriculture. This can lead to increased
crop yields and resilience of agricultural systems to climate change.
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