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Abstract

The paper presents the multi-agent approach for devel-
oping cyber-physical system for managing precise farms
with digital twins of plants. It discusses complexity of
the problem caused by a priori incompleteness of knowl-
edge about factors of plant growth and development,
high uncertainty of crops cultivation, variety of weather,
business and technical requirements, etc. The approach
proposes knowledge bases and multi-agent technology
in combination with machine learning methods for de-
signing considered systems. Digital twin of plant is
specified as an agent based on ontology model of ob-
jects relevant for plant cultivation (specific sort of plant,
soil, etc) associated with history of operations and en-
vironment conditions. The architecture and functions of
system components are designed. The expected results
of system implementation and the benefits for farmers
are discussed.
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1 Introduction

Cyber-physical systems (CPS) is a new type of sys-
tems integrating computation, communication and con-
trol components, including sensors, actuators and net-
work connectors [Rajkumar et al., 2010]. Starting from
embedded systems, CPS now are evolving as “smart
systems” with fusion and interaction of real and virtual

worlds, which can provide growing level of autonomous
behavior with recognition of patterns, decision making
and collaboration with users.

Multi-agent systems (MAS) are considered as a power-
ful tool for bringing a number of smart-* features to CPS
[Leitao et al., 2016]: “MAS technologies share common
ground with CPS and can empower them with multitude
capabilities in their efforts to achieve complexity man-
agement, decentralization, intelligence, modularity, flex-
ibility, robustness, adaptation, and responsiveness”.

The concept of digital twin was initially associated
with product life-cycle in manufacturing [Tao et al.,
2018]. For example, for aerospace vehicle “digital twin
is a kind of ultra-high fidelity simulation integrating with
an on-board health management system, maintenance
history, and historical vehicle and fleet data. It can mir-
ror the whole life of a specific flying physical twin (or
tail number), which enables significant gains in safety
and reliability”. Big data analytics and digital twins are
considered as a basis for smart manufacturing [Qi and
Tao, 2018].

Research subject of this paper is the key requirements,
functionality and architecture of cyber-physical multi-
agent system (CP MAS) for precise farm management.
As a part of the designed system digital twins of plant
will be introduced. Digital twin will be designed as
computer model of plant growth and development based
on available domain knowledge and various data ac-
quired during the process of plant cultivation. Ontology-
driven knowledge base, multi-agent technology and ma-
chine learning methods will be proposed for creating and
maintaining digital twin of plants for mirroring state and
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parameters of real plants and using the difference in a
cycle of farms resource management for application in
wheat production.

2 Problem Statement

Modern precision farming technologies with daily con-
trolled plant cultivation can significantly improve the
quality of products and efficiency of crop production
[Dutta et al., 2017].

However, today precise farming meets a number of
challenges with complexity of the technology and a pri-
ori incompleteness of knowledge about factors of plant
growth and development, high uncertainty of crops cul-
tivation, variety of weather, business and technical re-
quirements, etc. In contrast with machine assembly, in
crop cultivation there is no direct, well-developed tech-
nological process, it is difficult to plan operations in ad-
vance and high adaptability is required. Each crop, each
farm and each season is unique and requires specific
knowledge about biological, chemical and physical pro-
cesses in plants and soils. As a result, in one season a
farmer can have good harvest without big costs, whereas
in another, for example, with high expenses on fertiliz-
ers, he can’t get any harvest at all under the same weather
conditions. The problem becomes even more complex
with the growing climate changes.

Under these circumstances, agronomists have to con-
stantly monitor many fields with different plants and
control the difference between ideal and real crop de-
velopment. In case of a gap, they have to come up with
ideas on how to make changes in the agro-technology,
adaptively modifying schedules for precise machines de-
pending on behavior and reaction of plants to different
factors and changes of weather.

Despite the big progress with new varieties of plants
and agro-technologies, satellites and drones, elec-
tronic maps and hyper-spectrum image processing,
precise machines and other technival advances, this
decision-making process is still not automated and is
very agronomist-centric, knowledge- and experience-
dependable, informal and manual, time-consuming and
expensive, and very risky for business and farm owners.

3 Proposed Approach to Solving of Problem

Solution of the problem could be achieved by devel-
oping CP MAS for farm management integrating sen-
sors, actuators and communication tools, and, on the
other hand, computer models of plant growth and de-
velopment combined with knowledge base and decision-
making tools for farmers.

The conceptual model of CP MAS is proposed in
Fig. 1. The key feature of CP MAS for plant cultiva-
tion should be high adaptability, which makes it pos-
sible to quickly, flexibly and efficiently review and ad-
just plans of plant development, providing everyday sup-
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port and recommendations to agronomists and farmers in
decision-making.

Let us consider the key technologies which will be de-
veloped for CP MAS.

3.1 Collective Decision Making Based on Multi-
Agent Technology

The main idea of the proposed approach is to con-
sider crop cultivation as a complex adaptive system with
distributed collective decision making among crop vari-
eties, soil and fertilizers, precise machines, etc. [Rzevski
and Skobelev., 2014].

The hypothesis of this approach is that the reasoning
of agronomist and other specialists in farm management
could be modelled as a process of above entities self-
organization which can be implemented with the use of
multi-agent technology.

Agents are defined as autonomous software objects
able to react to events, make their own decisions and
interact with each other for coordination of decisions.
In the developed approach agents form demand-resource
networks (DRN) and operate on internal virtual market
with the opportunity to buy and sell time slots in the
schedule. During this process agents are able to dis-
cover problems and solve conflicts applying protocols of
agent negotiations and compensation method based on
individual functions of satisfaction and bonus-penalties
of agents.

In case of precise farm management, several new
classes of DRN agents can be introduced:

1. Agent of farm — to maximize objectives given by
farm owner;

2. Agent of plant — to maximize plant productivity and
efficiency;

3. Agent of soil — to maximize richness of micro-
elements and water in soil;

4. Agent of fertilizer — to maximize quality of crops,
etc.

+ Climate
-+ Soils

* Plant varieties

* Plant development stages
+  Diseases

© Pests

« Treatment methods

« Plant protection products

Ontology-driven
Knowledge Base

* Cultivation technologies
«  Fertiizers

* Machinery and equipment
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Intelligent cyber-physical system
for managing precision farming
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Figure 1.
plants: the input-output data.
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As a results the plan for crop cultivation will be
formed in virtual market of CP MAS and then adaptively
changed by events in a bottom-up way.

The state of the schedule can be considered as “unsta-
ble equilibrium” reflecting balance of agents interests for
each concrete situation.

The function of satisfaction for agent of plant
be the following:
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where 2% is ideal value for plant, 2 is current value for
plant, £l % is k P-th component of plant function (pro-
ductivity, costs, etc), K P is the number of components.
In case of event, each option can be computed as a delta
of satisfaction function:
A =y (S1) -y (S2)
where S1 is the current state and S2 is the new state in

case of new decision.
The most efficient will be the decision:

— max
Cost

where Cost is the sum of Physical Costs and Decision
Making Costs on virtual market.

The satisfaction function for agents of soil, fertilizers
and others can be specified in the same way.

Functions of penalties and bonuses are given to com-
pute how much it will cost to change value of function
of satisfaction.

As a result the %" will grow by solving conflicts
among involved agents but also because of investments
by farm agent.

Farm agent can support agents which will worsen their
state in order to improve the total satisfaction of farm
yFaTm.

The discussed software agents can be further speci-
fied in more details by their own objectives, models of
behavior and available resources, as well as by meth-
ods for discovering and resolving conflicts. It will bring
the so called “Emergent Intelligence” in CP MAS able
to demonstrate nondeterministic behavior of the system
with various non-linear phenomena of complex adaptive
systems, relevant for plant cultivation.

Agents, represented by computer programs, working
in interests of plants and other entities can be used as
digital twins with the ability to use domain knowledge
and learn through experience.

3.2 Ontology and Base of Knowledge for Decision
Making Support
Ontology is defined as a formal specification of domain

knowledge which can be used for agents decision mak-
ing [Rzevski and Skobelev., 2014].
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Today this knowledge and experience is accumulated
exclusively by agronomists during the whole life. Usu-
ally such knowledge is hidden and not formalized, frag-
mented and difficult for verbalization, transfer and uti-
lization in decision making.

The ontology of precision farming could be speci-
fied by the following basic topics for main classes of
concepts and relations: climate, soils, plant varieties,
plant development stages, diseases, pesticides, treatment
methods, insects, plant protection products, cultivation
technologies, fertilizers, machinery and equipment and
others. Instances of these classes form the enterprise
knowledge base.

Semantic networks of these concepts and relations and
their instances can be applied by agents for finding rel-
evant ways of problem solving. For example, in case of
specific insect, the plant agent can find and propose re-
quired pesticides and machines.

In case of wheat, for example, more than 100 phases of
plant development have been studied. And it is already
partially known at what stage wheat makes its decisions.
Thus, if at one stage wheat decides that the summer will
be dry, it determines to grow a low stem, then no fur-
ther steps, such as fertilizing, will be able to change this
wheat decision.

With the use of ontologies separated from source code
of agents one can add new knowledge for decision mak-
ing without full reprogramming of CP MAS.

3.3 Data Mining for Agents of Digital Twins of
Plants: Learning from Experience

The big data of each farm, including actions, effects
and responses, as well as many other parameters describ-
ing the context of the current season and the specific sit-
uation of each day (temperature, accumulated precipi-
tation, etc.), must be stored on a daily basis and con-
stantly analyzed in order to produce a continuously up-
dated forecast, reducing the degree of uncertainty and
risks for farmers.

Data mining methods and tools [Rzevski and Sko-
belev., 2014] can be applied to discover new knowledge
in this data and automatically correct and refine com-
puter programs of agents, comparing results of planned
and actual operations.

The examples of data which can be regularly collected
in modern farms include the following:

1. samples are regularly taken for agrochemical soil
analyzes;

2. long-term and short-term forecasts of weather
changes are built daily, including precipitation, soil
temperature, etc.;

3. every day notes are received from agronomists in
fields: phases of plant development, increase in leaf
size, dangerous insects, threat of plant diseases, etc.

4. detailed history of each field processing, including
plan and fact information on results of agricultural
operations with the use of specific machines, fertil-
izers and pesticides;
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5. satellite and drone images of fields with the use of
hyper-spectrum cameras;

6. GPS tracking of machines and parameters of agro
operations, etc.

This data associated with stages of plants growth and
developments will be generalized for adjustment of digi-
tal twins of plants, for example, with the use of methods
and tools of clustering or any other technologies. It will
help to specify new rules for ontology and knowledge
base of farm which agents can apply in their automatic
decision making.

Resulting clusters or patterns can be combined with
ontology-driven reasoning for decision making support.

3.4 Digital Twins of Plants

The combination of above mentioned technologies
can provide opportunity for developing software agents
working as digital twins of real plants:

1. at any moment of time agent of plant represents and
reflects current stage of plant growth and develop-
ment;

2. agent of plant can be used for “what-if” games to
form the best possible options in plant cultivation;

3. agents of plants learn from everyday experience.

Digital twin of plant will be created for each field to
mirror real plant growth and development (as a “tam-
agotchi” toy). It would mirror plant development on
everyday basis, representing the most predicted version
of the plant development plan, updated daily with data
from the weather server, sensors in fields, observations
of agronomists, etc.

Thus, before the agronomist makes suggestions on the
actions that need to be taken on each field in a given
situation, he can “simulate” the impact on the crop and
analyze its possible “response”.

This process needs to be supported in the proposed sys-
tem so that the agronomist can make offers to plant, and
it will respond with its reaction, which can be then com-
pared with the response of the real plant. In this way
knowledge on plant cultivation can be adjusted year af-
ter year, modifying the decision-making model of plant
and creating a more accurate “digital twin” expanding a
possible state graph of its agent under various conditions.

4 Functionality and Architecture of the Proposed
System

Using ontologies and agents in combination of data
mining one can make planning of everyday operations
in CP MAS but also play “What if” games and form
the most perspective scenarios for the season, forecast-
ing yields and risks for business.

For example, with the help of CP MAS agronomists
can make such decisions:

1. what crops to plant in the new season and in which
fields, as well as which fields should be left under
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steam;

2. when to start sowing or harvesting;

whether plant nutrition or protection is required;

4. under what weather conditions tractors to go around
fields and what agrochemical requirements must be
maintained (speed, etc.);

5. what equipment should apply plant protection prod-
ucts, with what process parameters, etc.

et

The basic architecture and functionality of an CP MAS
with “digital twins” of plants are shown in Fig. 2 and
Fig. 3.

The main components include digital IoT platform
which provide data and commands to farm workers, CP-
MAS for decision making support, digital twin of plant,
simulation and forecasting modules.

The digital twin of a plant can be used both in making
operational decisions on each field but also for “what if”
modeling of situations, as well as forecasting and risk
assessment.

The main components include pattern recognition of
situations and ontology editor and editor of plant model,
which provide farm planning. But also this model can be
loaded to simulator for what-if games or to module for
adjusting existing model if it becomes inadequate.
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Intelligent cyber-physical system
for managing precision farming
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Figure 2. The architecture of CP MAS with digital twins of plants
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The functionality of CP MAS will cover the following
features:

1. Support the knowledge base with domain ontology.

2. Gather and formalize available domain knowledge
for plant cultivation determining behavior of plant,
for example, for wheat cultivation.

3. Support design of agents representing ‘“digital
twins” of plants for making decisions.

4. Collect examples of life situations where plants be-
have in the most predictable and, alternatively, com-
pletely unpredictable way.

5. Recognize patterns of problem situations and gener-
ate recommendations for solving problems.

6. Provide methods and tools of collective decision-
making for planning and scheduling of farm re-
sources.

7. Provide data mining methods and tools for learning
from experience.

8. Enable the agronomist to make simulations and ad-
just parameters of the digital twin of plant to com-
pare with real plant growth.

9. Provide access to CP MAS for farmers and
agronomists via mobile phone.

When working with the digital twin of plant, it must
be possible to make direct requests for predicting plant
development in the near future but also give “reverse”
ones: what needs to be done to still have chance to in-
crease crop yield - for example, what extra nutrition is
needed and what types of fertilizers can be used?

5 Conclusion

This paper describes the initial requirements, the func-
tionality and architecture of the CP MAS with digital
twins of plants. The key idea of the developed approach
is to support decision making of farmers by specifying
domain ontology and implementing multi-agent technol-
ogy of collective decision making for supporting digital
twins of plants.

Predefined part of digital twin of plant can be com-
bined in CP MAS with accumulating data and machine
learning ability for extracting hidden patterns and de-
pendencies for predicting plant reactions to changes in
weather conditions or farmers actions, including choice
of technology, intensification of fertilizing, etc.

The proposed CP MAS could be used both in daily
management of plant growing and also for simulation
of perspective scenarios for the new seasons, forecasting
yields and risks for business.

Development of an CP MAS for precise farming can
help to collect, systemize and formalize, visualize and
objectify decisions that are critical for business and make
them more efficient, reliable and argumented.

The functionality of designed CP MAS can provide the
following benefits for farmers:

1. collect everyday data on plant cultivation and pro-
vide recommendations;
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2. improving the quality and efficiency of farm man-
agement decisions;

3. possibility of more objective, accurate, reliable and
reasonable farm business planning and control of
execution;

4. continuous extraction and formalization of enter-
prise knowledge for decision making based on anal-
ysis of incoming data and adjusting computational
models of plants;

5. reducing dependence on agronomists personalities
and negative human factors;

6. providing scalable platform for business develop-
ments.

The developed “digital twins” of plants will help to
accumulate and formalize new valuable knowledge for
agronomists and provide more accurate planning of tech-
nological operations in crop cultivation.

In the future, the developed solution could become the
core part of an autonomous CP MAS for resource man-
agement in precise farming.
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