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Rules for efficient development of multiagent systems for

continuous process control

Abstract. This paper presents a set of rules for a development of multiagent systems (MAS) for continuous process control. The purpose of
presented guidelines is to provide a set of good practices that can be used to simplify development of the MAS, mostly during the design of its
architecture and communication between agents. Prepared agent-based system based on provided rules is then verified in dissolved oxygen control

for bioreactor aeration control system simulation.

Streszczenie. Ta praca prezentuje zbiér zasad dla rozwijania systeméw wieloagentowych (MAS) dedykowanych sterowaniu procesami ciggtymi.
Zaprezentowane wskazowki majg na celu utworzenie zbioru dobrych praktyk, ktére moge byc¢ wykorzystane do uproszczenia tworzenia MAS,
przede wszystkim na etapach projektowania architektury systemu i sposobu komunikacji pomiedzy agentami. System agentowy przygotowany na
podstawie zamieszczonych wskazowek jest nastepnie poddany weryfikacji podczas sterowania procesem napowietrzania bioreaktora. (Zasady
efektywnego rozwoju systemoéw wieloagentowych do ciggtej kontroli procesow)

Keywords: Agent-based control, control of dissolved oxygen concentration, switching control, multiagent system, simulational validation.
Stowa kluczowe:Aegntowe systemy sterowania, sterowanie stezeniem tlenu rozpuszczonego, systemy wieloagentowe, symulacyjna

weryfikacja.

Introduction

Industrial solutions that incorporate multiagent systems
(MAS) become gradually more popular. Nowadays,
implementations based on multiagent approach can be
found in many areas, ones that get the most research
interest are cooperative, consensus, and MAS based
formation control methods [1] that are applicable for
purposes like UAVs navigation or distributed velocity control
[2]. Active development of MAS can also be observed in
areas of balance and fault control of microgrids [3] and
mobile robot group control [4]. Over the years MAS were
also introduced in many solutions dedicated to
manufacturing systems control, these implementations are
mostly used for balancing the workload of production
machines [5] and creating flexible, reconfigurable
manufacturing systems [6]. Applications of multiagent
control system are also present in the process control area
[7]. In [8] and [9] MAS is used to develop distributed
controllers based on model-based predictive algorithms.
Hierarchical, multi-controller incremental multiagent design
framework for room temperature control is presented in
[10]. MAS dedicated to pressure control of recycled gas
with a presence of significant disturbances can be found in
[11].

Although presented literature shows that research
interest in developing MAS dedicated to continuous process
control exists, these types of solutions in comparison with
cooperative control or microgrid monitoring applications are
adopted relatively slow. That situation is a result of many
factors that obstruct development of agent-based solutions
for continuous process control like concerns about time
performance of most popular tools for building MAS [12].
Popular MAS design platforms cannot fulfill hard real-time
constraints so they can be used only to control processes
with high time tolerance like biotechnological processes
[13]. Another important factor that slows down development
of the MAS is scarce and outdated standardization [14, 15]
and lack of common, easily accessible education on
building agent-based systems [16]. In comparison with
other popular programming paradigms, agent-based
programming is characterized by a high level of abstraction.
This makes agent-based systems better suited for solving
complex problems but also makes development of such
systems harder to learn. On the other hand, many MAS
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attributes are proven to be useful in process control domain
e.g. reconfigurability [17], abilty to perform social
interactions [10, 18] or high degree of autonomy.

This paper presents set of guidelines for developing
MAS for continuous process control. Introduced rules are
focused on most important aspects of MAS development,
system architecture and communication between agents.
The purpose of this set of tips is to simplify the development
of the MAS especially for developers unfamiliar with agent-
based programming by providing generic advices regarding
most important parts in MAS development. These rules are
then verified by developing according to the rules a MAS
dedicated to control a bioreactor aeration process.

The paper is organized as follows: in section 2 details
regarding preparation of the rules are described. Sections 3
and 4 contain rules regarding development of system
architecture and communication between agents
respectively. Section 5 contains results of experimental
verification of the rules. Lastly conclusions, discussion and
authors’ remarks are described in section 6.

Rules for MAS development

The purpose of the design rules is to present a set of
good practices that can be used to simplify development of
the MAS, mostly during the design of its architecture and
communication between agents. Presented guidelines are
generic and focus on the basics of MAS development. Lack
of common education regarding MAS development and
high abstraction level of agent-based programming makes
starting development of MAS systems relatively difficult.
Additionally, multiagent systems attributes make them best
suited mostly for solving complex tasks which also raises
difficulty of starting development in agent-based paradigm
and makes the choice of using agent-based programming
less attractive in comparison with approaches that are not
as effective in solving complex task, but are simpler to use
and already well known. Because of that, providing a
comprehensive set of basic level rules of MAS
implementation that are dedicated to developers unfamiliar
with multiagent concept should be considered as an
important part in popularization of multiagent based
solution.
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Fig. 1 MAS architecture layout.

MAS architecture design

Fig. 1 shows proposition of architecture layout for MAS
dedicated for continuous process control. Arrows indicate
information flow through the system which together with a
controlled process forms a closed loop. Whole system is
presented in the form of layers, each layer is responsible for
one part of control task. Presented layout is generic and
can be used for many approaches, not only agent-based.

In presented layout, layers in the center are responsible
for controlling the process. Agents in Communication Layer
send and receive data to and from controlled process.
Information is then passed to the rest of MAS through
agents in Input Data Layer which translate messages
received from communication layer into the form used in the
MAS. Control Algorithm Layer is dedicated for agents
involved in calculations of control values. Derived control
values are then passed to Actuator Layer that translates
received logical control value (CV) into a form used by
controlled process e.g. agents in this layer may create
PWM signal from received CV. Translated signal is passed
to agents in Communication Layer that send it to controlled
process through specified protocol. Presented layout also
includes Interface Layer and Diagnostic Layer. Agents in
these layers are not directly dedicated to process control
and can communicate with every other agent in the system
to perform its tasks.

Agents are grouped in layers by their tasks, every layer
should have defined messages types that can be received
from and sent to other layers. Agents from one layer can
communicate with agents from other layers using only these
signals e.g. design might set that agents from Control
Algorithm Layer can only receive process value (PV) and
set point (SP) values from Input Data Layer and send CV to
agents from Actuator Layer. Agents inside one layer can
communicate with each other without any restrictions.

Each layer can be further divided in sublayers as in fig.
2 which shows exemplary division of the Input Data Layer.
In presented case the layer is divided into two sublayers,
agents in Sensors Sublayer are responsible to fetch data
from the sensors and agents in System Input Sublayer
provide other values that are not directly available from
sensors like set point or simulation output that may be used
by model-based controllers.

Dividing complex systems into smaller, well defined and
clearly separated parts makes them easier to design,
develop and maintain. Each layer forms almost independent
subsystem thus in case of any modification in layer
structure later integration of the changes would be in most
cases limited to the scope of modified layer. Using layers
for organizing MAS architecture has been already
presented and has been verified for MAS architecture
designs dedicated to other types of tasks like network [19,
20] and power flow management [21].
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Communication design

Proper communication between agents is necessary for
efficient work of MAS, agents rely on communication
between each other to cooperate, compete and perform
other social acts in order to reach its goals. Agents are able
to perform various communication acts, from simple
passing of information to more complex behaviors like
subscription mechanism or game theory problems.

Successful communication on any level of complexity
requires, that agent understand content of each other’s
messages. Using ontology in information exchange ensures
that agents have shared knowledge base and are able to
understand their messages. Ontology can be adopted for
MAS communication by using one of publicly available
schemas that match the scope of work of prepared
multiagent system. These knowledge bases are usually
available in the form of large schemas with hundreds of
classes, relations and instances. They are used mainly in
large services to precisely describe concepts from broad
area. Process control systems usually require concepts that
are only a small parts of these knowledge domains i.e.
knowledge about the process, sensors, actuators and
environmental factors that may influence the process.
Because of that, the scale of publicly available ontologies is
in many cases too big for process control systems and
could bring unnecessary complexity. In such cases it is
more efficient to prepare dedicated lightweight ontology
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schema, fig. 3 presents a proposition of base layout of
ontology schema for agent-based control systems for
continuous processes.
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Fig. 4 MAS architecture for verification experiment

Proposed schema groups all concepts into three areas.
Data area contains classes that represent all instances of
data that agents exchange during process control task.
Hierarchy inside the area shows example of base class
organization inside the area, this hierarchy might be
sufficient for systems using simple control algorithms like
PID, but for more complex ones this schema would need to
be extended according to the individual needs. Classes
inside the Actions schema represent actions that can be
taken by agents, these actions are often predefined in the
environment used for agent-based development (e.g. FIPA
Communicative Acts [22]). In such cases importing this set
of actions directly into the ontology might be the most
efficient approach. Diagnostic area contains classes that
describe concepts that are not directly connected to
process control but are used in MAS side tasks e.g.
diagnostics or access control. Presented ontology areas
division is not strict, classes from one area can use or
inherit from classes in another area (e.g. concepts from
Actions area will use concepts from other areas for detailed
description of the actions), but in authors’ experience
building ontology according to these guidelines results in
only few of such interactions.
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Verification of rules

In order to verify presented rules MAS is built according
to the guidelines and its functionality is tested by using the
system to control simulated bioreactor aeration process.
During the experiment MAS will use PI algorithms (each PI
agent will have different tuning values) to tune aeration
pump power according to the new SP of dissolved oxygen
(DO) level. During process control user will be able at any
time to manually select which Pl agent should take over the
control of the process, in that case, agents will switch
control seamlessly.

MAS developed according to the rules is presented in
fig. 4. Communication Layer contains one OPC UA Agent
that exchanges data with simulated process through OPC
UA protocol that connects MAS with simulation of the
aeration process as presented in fig. 5. Input Data Layer is
populated by three agents, all of them provide data to
Control Algorithm Layer. Last CV Agent converts simulated
4-20 [mA] signal that controls aeration pump into 0-100%
range that is used by controllers. SP Agent reads SP value
from its user interface and DO Agent reads new DO values
from plant messages and sends them further. Control
Algorithm Layer contains Selection Agent that reads
information about selected Pl agent from its user interface
and sends that information to all Pl agents that currently
reside in the system. PI agents realize Pl control algorithm
with specified tunings, Pl agents may be added and
removed from the system during runtime. At any time only
one, selected Pl agent calculates new CVs. Calculated CVs
in the form of 0-100% are then passed to Actuator Layer
where CV Agent converts it to 4-20 [mA] values and sends
it to Communication Layer. Diagnostic Layer is omitted from
the diagram because no diagnostic functionalities were
implemented for verification purposes. In addition MAS

227



uses ontology that is prepared based on layout from fig. 3.
MAS was built using JADE that is Java framework for
agent-based programming.

dD, (t)
1) v k a(t)(D,, —D,(t))-OUR
Table 1 Pl agents during experiment.
Agent name Kc Ti
PI1 0.05 5
Pl 2 0.01 12

Simulated aeration process is represented in (1),
k,a(t)[1/h] is a transfer coefficient that represents a transfer
of oxygen from air bubbles to liquid. Value of this coefficient
is an input to the process because it is directly related to set
power of aeration pump, it changes in the range of [0, 2.34]
according to aeration pump speed. DOy [mg Oo/l] indicates
DO saturation concentration, for simulation this value is set
at 10[mg Oy/I]. OUR[mg O2/Inh] indicates oxygen uptake rate
of the process, for the time of the experiments it is
considered constant and equal to 11.88[mg O/Ih].

Validation included three experiments that used two PI
agents presented in table 1. Performed experiments
included step change of SP value from 2[mg O] to
2.5[mg O/I]. During the first experiment control was
performed exclusively by Pl 1 agent, for the next
experiment control was handled only by Pl 2 agent, and for
the last experiment at the beginning control was handled by
Pl 1 agent, but when DO value rose above 2.05[mg O2/I]
control was switched manually to Pl 2 agent.

Result of the experiments are presented in fig. 6 and
table 2. Control performed by aggressively tuned Pl 1 agent
resulted in lowest values of IAE and ISE indicators at the
cost of DO oscillations. Results of control by passively
tuned Pl 2 agent show no oscillations and overshoot but
presented control quality indicators have significantly higher
values. Lastly results of experiment with switching control
agents resulted in DO changes without oscillations, small
overshoot and control quality indicators values close to the
ones achieved during exclusive control of Pl 1 agent.

Presented validation experiment and its results should
be treated as a proof of concept of the proposed
architecture design. Experiments like this can be performed
using many other not agent-based approaches without any
difficulty. In practice, MAS should be used in more
advanced control scenarios with higher complexity of
control algorithms, where attributes of the MAS like
reconfigurability, autonomy of individual agents or ability to
perform social interactions could be properly used.

Concluding remarks

This paper presented set of rules for development of
MAS for continuous process control. Presented guidelines
are generic and focused on the basics of MAS
development. Such guidelines might be a solution to one of
the issues that slow down the development of MAS in the
continuous process control area — unfamiliarity of agent-
based approach. Provided rules focus on two important
parts of MAS design -systemic architecture and
communication between agents. Guidelines for systemic
architecture presented proposition of MAS layout where
system is divided into layers, every system layer is then
described and explained. Communication rules present set
of tips to use during ontology preparation and proposed
base of the layout that can be used during development of
new, dedicated ontology.

Proposed set of rules was then verified in proof of
concept MAS which was developed according to the
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guidelines and then tested during control of bioreactor
aeration process simulation.

Later works on this topic should focus on further
development and later standardization of the rules which
would be helpful in popularization of agent-based control
system.
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Fig. 6 Changes of DO and pump power during experiments.

Table 2 Control quality indicators for each experiment.

Experiment name IAE ISE
Pl 1 1495 333.09
Pl 2 2920 975.97
Pl switched 1635 338.88
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