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Petr Skobelev (), Igor Mayorov (©, Elena Simonova(, Oleg Goryanin (),
Alexey Zhilyaev (), Aleksey Tabachinskiy (©, and Vladimir Yalovenko

Abstract The chapter proposes a formalized model of a digital twin of the plant
on the basis of a graph of transitions of states corresponding to stages of plant
development, a description of which is contained in the knowledge base. The graph
of states is based on a mathematical model of the “tube” of ranges in values of
parameters at each stage during the normal development of the plant, as well as
in case of dangerous weather events and going beyond critical boundaries, which
leads to partial or complete loss of yield. The software implementation of the digital
twin of the plant uses a conceptual (ontological) model for representing domain
knowledge (ontology of crop production). The created ontological models of the
development of plant varieties are loaded into a multi-agent system for planning
stages of plant development and generating yield forecast for each stage, presented
by its own software agent. A prototype of an intelligent system of the digital twin
of the plant has been developed, in which, among others, the functions of modeling
duration of plant development stages and forecasting crop yield are implemented
depending on weather and climatic conditions and external events. The digital twin
can help systematize, formalize and accumulate knowledge for decision-making in
each farm and automate management processes when introducing precision farming
technologies.
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1 Introduction

A report of the international research agency MarketsandMarkets determines the
following leading segments in precision farming: Farm Labor Management and
Crop Scouting (monitoring and forecasting the harvest) [1]. Global climate changes
create risks for crop production, associated primarily with changes in average annual
temperatures (in most cases—their increase) and precipitation (an increase in some
regions and a decrease in others). Therefore, patterns of plant development, well
known for the preceding decades, cease to be fulfilled. In addition, there is a growing
impact of soil degradation and a number of other factors that disrupt the existing
seasonal “recipes” for agrotechnical operations. Therefore, an increasingly urgent
and significant problem for modern farms of precision farming is end-to-end enter-
prise management, in which the role of knowledge of qualified agronomists is
significantly increasing as it is essential for managerial decisions on the choice of
crops and technologies, planning crop rotation for the season and further daily plan-
ning agrotechnical measures taking into account the available human, material and
technical resources.

The chapter proposes the creation of a digital twin (DT) of plant, intended for
automated decision-making processes by agronomists when implementing precision
farming technologies. The introduction of this chapter substantiates the relevance of
developing a plant DT for management of a precision farming enterprise, which
must be accurate not only “place-wise”, but also “time-wise”. The second chapter
formulates the problem statement for developing a DT as part of an intelligent cyber-
physical system for managing precision farming (ICPS) to support managerial deci-
sions at all stages of crop development. The third chapter provides an overview of
the existing developments of CPS and DT in precision farming. The fourth chapter
defines an approach to the development of an intelligent digital twin (IDT) of plant-
based on multi-agent technology and semantic representation of knowledge about
stages of plant growth and development in the form of a plant production ontology.
The fifth chapter proposes a new model and method for calculating the duration
of stages and assessing the yield, which is based on the concepts and relations of
ontology as an “explanatory dictionary” for agents. The sixth chapter describes the
software package for DT implementation. In the seventh chapter, experiments are
described to estimate the duration of plant development stages and changes in the
yield of the selected crop—winter wheat—with the help of created plant DT. The
eighth chapter discusses prospects for further development of plant DT and directions
of its use as part of ICPS for precision farming.
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2 Problem Statement

Let us define the “digital twin” of the plant as a software program that models
stages of plant development depending on parameters of the external environment,
which is synchronized with the growth of a real plant, for example, through regular
inspections of crops by agronomists. Intelligent “digital twin” (IDT) is an intel-
ligent system built on the basis of a specialized knowledge base about stages of
plant development and methods of reasoning or decision-making. The plant IDT
should accumulate, formalize and represent knowledge that is currently acquired by
agronomists throughout their life, and should also allow for modeling the plant devel-
opment under different conditions, at least at a qualitative level, acting as the basis
for construction and functioning of the intelligent cyber-physical precision farming
management system.

The knowledge of how each subsequent microstage of plant development should
look like at any moment in time [2, 3] will help the agronomist to more accurately
model and predict plant growth, plan and carry out special agrotechnical measures in
time if there is a deviation of the actual development of the real plant from the “ide-
al” (norms). Moreover, this is possible from the earliest stages of such a deviation.
The presence of plant DT in the CPS of precision farming management changes the
approach to the management of machinery. ICPS should combine analysis of data on
the state and progress of plant growth and development, obtained from agronomists,
as well as data received from sensors in fields or unmanned aerial vehicles, with
the weather forecast, creating and adaptively changing machinery routes. The digital
twin of the plant as part of ICPS will provide agronomists with decision support
based on formalized knowledge about the rate of plant development and real data on
growth in microstages, setting the temporal pace and rhythm of the enterprise.

Thus, at present, the management of precision farming enterprises requires a
model of control object—the “digital twin” of plant, which will be the basis for
an intelligent cyber-physical system that determines the production plan of the
enterprise.

3 Review of Existing Cyber-Physical Systems and Digital
Twins in Precision Farming

An analysis of available Russian and foreign software developments of intelligent
cyber-physical systems in agriculture and precision farming has shown that there
are no ready-made solutions in this area. However, various cyber-physical systems
are being actively developed to solve the problems of increasing the efficiency of
managing an agricultural enterprise.

[4] describes the structure of a typical CPS for precision farming, which should
consist of four parts: sensors and receiving units, computing units of the control center
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forissuing commands to specialists and resources of a farm, as well as communication
means.

The A-FARM solution represents a universal cyber-physical platform consisting
of a set of microservices, implemented on the ATLAS framework, designed to deploy
precision farming systems and manage data of complex agricultural production
systems. However, the versatility of the platform and lack of knowledge base and
decision support module is its significant drawback [5].

[6] describes the following projects: Sensing Change and Smart Water Manage-
ment Platform (SWAMP), which combine software developments in agriculture and
the Internet of Things (IoT) platform for irrigation management. Within the project,
a CPS has been created, which can collect data on plants from sensors and display
them on the dashboard, i.e. create a digital shadow that reflects the state of the object.
However, this is not a digital twin of the plant. It also allows users to regulate watering.
This is a research project and it has not been brought to industrial use.

Nowadays, in plant growing, industrial ICPS is almost absent, with the excep-
tion of one accelerating direction of their development for research laboratories and
greenhouses, where such systems are already used to control and optimize the appli-
cation of nano fertilizers, for example, a project of the Taiwanese company Landgreen
Technology & Co [7].

[8] describes a project which made an attempt to develop a DT in the field of
aquaponics based on a simulation model with feedback from sensors. The main
challenge was the combination of a large number of interacting nonlinearly connected
elements (hydroponics, aquaculture, and [oT systems). As aresult, only two of a large
number of parameters (pH and total dissolved solids) were successfully modeled
using DT.

The Taiwan Agricultural Research Institute of the Council of Agriculture is devel-
oping the technology Digital Twin Solutions for Smart Farming in order to build up
farmers’ knowledge of production and provide intelligent, adaptive, and dynamic
facility management tools, as well as proposals for decision-making in real-time [9].
It is fulfilled within the Smart Agriculture R&D program with the goal of combining
human intelligence (HI) with artificial intelligence (Al). However, this development
uses neural networks, and there is no plant model as such.

The development of a DT for a complex physical object and the processes occur-
ring in it can be divided into two main stages. Initially, a mathematical model of
a physical object and/or processes is built in the form of systems of algebraic or
differential equations, the solution of which at a given moment in time gives the
state of the object. In their absence, it can also be built based on the expert knowl-
edge of agronomists. At the second stage, the created model is converted into digital
form by creating a software program, for example, for the numerical solution of the
above-mentioned system of equations, or for modeling the processes of the object’s
functioning, as well as forming the corresponding arrays of time series or databases
for managing the object [10]. Further, to process this data, machine learning algo-
rithms can be used, available as cloud services [11]. By processing data for each
season, it is possible to estimate the harvest of the next year at the beginning of the
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next season more and more accurately—however, only if climatic conditions, charac-
teristics of plant varieties, their cultivation technology, fertilizers, or plant protection
products, do not change, which is, of course, almost impossible.

These models and methods can be used to accumulate certain statistics, but for the
first step, a conceptual model is needed that will help formalize the expert knowledge
of agronomists and make it applicable to obtain estimates of stage duration and
forecast the yield depending on parameters of the external environment. Thus, the
analysis showed that the creation of a data center and CPS for precision farming is an
urgent and significant task, and its solutions are still being designed in order to ensure
greater adaptability, scalability, fault tolerance, safety, and usability, surpassing the
capabilities of embedded systems.

4 Approach to Developing Intelligent Digital Twin
of Plant-Based on Multi-agent Technology

The model of stages of plant growth and development has been taken as the basis for
developing the DT; wheat has been chosen as the object of research. It goes through
about 100 microstages of plant development, organized into 10 main macrostages
[2, 3]. These can be formalized for the purpose of more accurate and frequent control
of plant development by continuous real-time comparison of the expected (average)
and actual (observed) states at each step of cultivation. If one of the phases of plant
development is delayed or values of controlled parameters are reduced at the exit of
the phase, then the forecast of plant development for the next stages should also be
recalculated, which, in fact, will determine the possible plan for future agrotechnical
measures, for example, for application of fertilizers.

To implement such “wave” recalculations by stages, which can be started from
any stage, if parameters of external environment change, multi-agent technology is
proposed [12-14]. Currently, multi-agent technology is considered as a universal
new approach to solving a variety of complex problems, such as planning and opti-
mization of resources, pattern recognition, or design of complex products. However,
applications for modeling living systems are not yet known.

Each stage of plant development should be represented by its own agent, which
reads the weather forecast, performs calculations, rebuilds its forecast for values of
output parameters, and then transmits the obtained data to agents of the next stages
along the chain—until the final yield forecast from the last stage is obtained. After
adjustment and approval by the agronomist, this forecast will lead to an adaptive
change in composition, timing, and volume of fertilization and other agrotechnical
operations performed by teams of workers, as well as unmanned vehicles and field
robots in the future.

For the operation of plant stage DT agents, a knowledge base is required that
deter-mines the graph of transitions by micro-stages of plant development, including
parameters of each micro-stage, possible relations between them, signs of the average
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rate of plant development and possible deviations, temporal characteristics, etc. It is
advisable to build the knowledge base operating with the ontology toolkit that has
been actively developing recently within the Semantic Internet approach [15]. This
requires the definition of classes of concepts and relations, specific to the description
of plant development micro-stages, and their linking with existing ontologies in
agronomy, plant physiology, etc. [16—18].

The general structure of the intelligent DT system for planning stages and fore-
casting plant yield is shown in Fig. 1. The system includes the following main
modules:

1. Ontology editor—allows users to create an ontology for the development of plant
stages;

2. The knowledge base—a repository of ontological models of plant varieties
development, built on the basis of the ontology of plant stages development;

3. Knowledge base editor—allows users to create and edit ontological models of
plant varieties development;

4. Multi-agent system (MAS) for plant growth and development planning—allows
users to build a plant development plan and simulate the impact of different
factors, as well as synchronize (adjust) the resulting plan according to the survey
data from agronomists;

Manuals, reference books, Ontology editor
report results

Plant development ontology

Knowledge base
editor

Model of plant development stages

Weather service
Assessment of stage

Multi-agent system P duration and yield
for planning plant growth

—>
Data on soil, —> and development <4——Agronomist’s changes

(forecast and fact)

etc.

Plan of plant development by stages
[ ——

T >

Cultivation time and duration of the main stages

Fig. 1 The general structure of the intelligent DT system for planning stages and forecasting plant
yield
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5. Plant development plan by stages—shows the expected timing for the onset of
each stage and the yield forecast.

Based on the constructed and always up-to-date plant development plan in a
specific field, it is possible to plan measures for influencing the plant, for example,
choosing the time points for fertilizing and the number of applied substances, as well
as planning the work of precision farming machinery exactly on time [19]. A more
detailed description of plant IDT within ICPS is described in [20].

5 Method for Assessing Duration of Development Stages
and Forecasting Plant Yield Based on the ‘“Tube”
Parameters

In the developed intelligent DT system, a method is proposed for assessing the yield
and duration of plant development stages based on the concept of a working “tube” of
changing the most important parameters. The “tube” of parameters is understood as
the ideal (nominal) range for each parameter (Fig. 2) that affects plant development.
As the first step in describing plant growth and development at different stages, it
is proposed to use linear relations of different types. This means that the deviation
of the input parameter of the external environment from the ideal will cause a linear
(proportional) change in the yield and timing of stages in one direction or another.
If the parameter values go beyond the permissible limit values, then the plant, as a
rule, dies, and the yield is lost. In some cases, for such a parameter, it is proposed
to indicate the resulting effect through an expert “if-then” rule, which connects the
input and output variables of the plant.

Macrostage 2
VI=22%X2+b2 Macrostage N

YN=an*Xn+bn

Macrostage 1
Y1=al*X1+bl

v

Yield forecast and stage duration

Fig. 2 Model of the range of changes in plant parameters (‘“tube’)
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Fig. 3 Models of the “tube” for the main parameters of plant DT

As a result of a survey of agronomists and analysis of results, the following
most important weather parameters for assessing the yield and duration of plant
development stages have been identified: air temperature and humidity, soil moisture,
hydrothermal coefficient. The ranges of these parameters have been collected and
studied for winter wheat in the Samara region on the basis of available monographs
and reference books and formalized for DT in the form of “tube” models (Fig. 3). The
drop in crop yield due to unfavorable external conditions is proposed to be modeled
using the “bonuses and penalties” function, where the initial estimate is taken as
100%.

The model for assessing the yield and duration of plant development stages is
based on the concepts and relations of ontology as an “explanatory dictionary” for
agents. At the top level, the digital twin ontology is defined, which consists of the most
general and reusable classes of concepts and relations. In a specialized ontology of
plant growing, domain-specific details are described, and instances of these concepts
for specific plant varieties are formed in the knowledge base.

Figure 4 shows a fragment of the ontology of the digital twin of the plant. The
key concept here is “Order” (for sowing) to obtain “Product” (yield), for which the
plant needs to complete a sequence of certain “Tasks” (stages). For tasks, the rules
for calculating the duration and values of parameters of the product (for example,
assessing the yield) are determined. Compliance with these rules depends on param-
eters of the external environment (temperature, humidity, etc.), data on which are
provided by third-party services. Environment parameters are tied to certain “loca-
tions” (fields) on which “orders” are placed, thus, each field and sowing forms its
own external environment.

One of the concepts in ontology is the “Parameter calculation rule” (Fig. 5).
Parameters are divided into two groups: environmental parameters and parameters
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[ Soil }—( Field ] [Sowing] [ Yield
Soil type Location Order Product

.
{_Tesk e

Rule for calculating Rule for calculating

duration parameter
service Parameter BLEELE
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Precipitation AL Humidity Equal

parameter Product parameter

|
{ Atmosphere pressure ] [ Vield ev|a\|uation ]
Concept classes / Instance examples
/ Ontology of digital twin

D / () Ontology of crop production

Fig. 4 Fragment of plant DT ontology

. . Uses an environment
Has a rule for duration calculation

parameter
[ Germination 5| , Sumofactive > Air }
temperatures 110 | | temperature
Conditions Is det'ermined
[ Value: 110 ] of use by environment
parameters
A 4

Operator: more ]

Value: 10

[ Air temperature >10

Fig. 5 The rule for calculating duration in ontology

of plant development (the “Product”). “Yield Assessment” is a “Product” parameter.
“Stage duration”—a “Tasks” parameter. The rules for calculating the duration of
a stage are set through the sum of a certain parameter, for example, temperature.
Several “Condition” objects are associated with the “Parameter calculation rule”
object. Each condition has a link to the parameter for which this condition is defined,
an operator (>, <, =), and a value for comparison. Such a system is universal and can
be used to calculate not only stage duration but also other parameters, for example,
yield.

The specified data will be read by the stage agent for each stage to ensure
appropriate calculations and transfer of results to subsequent agents in the chain.
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6 Description of the Prototype Plant DT

To implement the proposed approach to creating plant DTs, an intelligent system
has been developed. To work with the DT, an agronomist’s workstation and mobile
application for data synchronization with DT of real plants have been implemented.
These tools allow for receiving data from weather services, entering DT data, entering
events and viewing plans, receiving and adjusting data on stages of plant development
and yield forecast, as well as modeling behavior of the plant in response to unforeseen
events. Figure 6 shows the knowledge base and representation of a class in crop
production ontology in the table and semantic format.

To obtain data about the external environment, a service registration mecha-
nism is used. Each service implements an API interface that provides access to
values of a certain parameter for the selected field at a specified time interval.
To do this, it implements methods for receiving and setting parameter values (for
entering external events). For example, the “weather service”, included in the soft-
ware package, unloads historical and forecast data from files of a structured format
and associates them with parameters described in ontology, such as temperature, air
humidity, cloudiness, etc. Data and results for all environment parameters defined in
the model are plotted on a timeline.

The multi-agent system for planning stages of plant development performs forma-
tion and adaptive restructuring of the plant development plan, taking into account
prevailing environmental conditions. The system creates and configures instances
of agents, provides a multithreaded environment for their execution, determines

Digital Teim
KEnowledge base Content of the Crop
cultivation antology ontology

W+ 5 x

B
Y T (T OO (T

02 - Crop cultvistion ooiony + £ =

01 - Dt T Mbeciad Fisia

Fig. 6 Representation of a class in the knowledge base
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the order and algorithm of their work, and interaction protocols. As a result of the
module’s work, the following plant development plans are formed:

1. Nominal—a plan for the development of plants in ideal conditions;

2. Preliminary—a plan for the development of plants in a specific field, built at the
beginning of the season, at the time of sowing according to a long-term weather
forecast;

3. Current (actual)—a plan that takes into account the actual fact of real weather
for the current date and the nearest short-term forecast;

4. Modeled—a plan for assessing the possible consequences of weather changes or
implementation of agricultural activities.

The constructed plans for each field can be exported to Excel for further processing.

7 Experiments with Plant DT

We will conduct experiments to assess the duration of plant development stages and
changes in the yield of winter wheat. Let us create two fields—in the north of the
Samara region (Klyavlino) and the south (Bezenchuk). On the tab displaying fields
with DT attributes, we will set data on the average daily temperature, air humidity,
and amount of precipitation for the entire time interval from sowing to harvesting.
A fragment of data showing the differences in temperatures in the selected fields is
given in Table 1.

Based on the temperature data, the MAS of plant stage planning determines the
duration of crop development stages. Due to the difference in climatic conditions,
there is adifference in crop development: in the southern part of the region, crops ripen
in 323 days, and the northern part—in 342 days. It is possible to compare the duration
of plant development by stages (based on the rule of temperature accumulation): in
the southern field, faster development of wheat is observed already at the first stage.

The system also provides the ability to add events to simulate various situations,
in response to which the planning system rearranges the plant development schedule.
Let us add an event of temperature rise in September in the southern field (Fig. 7).

On the “Plan” tab, you can see that the seed ripening occurred two days earlier
due to the reduction of the “Seedling growth” stage, in accordance with the rule
described in the ontology.

The “Indicators” tab shows the change in yield estimate according to calculation
rules using the “bonuses and penalties” functions (Fig. 8). The graph shows a gradual

Table 1 Average daily temperature in the selected fields

Date 05.09 05.11 05.01 05.03 05.05 05.07
Klyavlino (north) 11.5 2.5 —14 —-0.6 18.7 222
Bezenchuk (south) 12.2 4.5 0.1 0.8 19.8 26.1
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Fig. 8 Changes in duration of plant development stages

decrease in the yield estimate due to imposed fines, and for crops in various fields,
different dynamics of yield changes can be observed.

8 Conclusions

The chapter discusses the development of plant DT, which is the main part of an
intelligent cyber-physical system. It proposes a method for calculating stages of
plant development and forecasting yield, based on the concept of the “tube” of plant
parameters, an ontological model of a plant variety, and a multi-agent technology for
associated calculation of stage parameters. The first DT prototype has been created,
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which makes it possible to carry out model experiments to determine the dura-
tion of plant development stages and yield forecast, setting various environmental
conditions.

Further development of plant DTs will include the following additions: introduc-
tion of various regionalized wheat varieties into the knowledge base, development
of a “tube” model of parameter values for them; development of a soil model, taking
into account its granulometric composition, acidity, moisture, availability of nitrogen,
phosphorus, exchangeable potassium; development of typical combinations of the
DT model parameters; checking the performance of the DT system on data from
5-10 seasons; development of a plant model in terms of constructing agents of the
root, stem, leaves, and fruits of a plant with the possibility of integration based
on the developed method of knowledge about physical, chemical and biological
dependencies.

Development of an ICPS for managing a precision farming enterprise on the basis
of plant DT will allow for solving the urgent and significant problem of optimizing
plant cultivation, taking into account variability of the plant habitat for the most
efficient organization of the crop production process.
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