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State machines are a popular way of modelling the behaviour of systems, including process control systems.
However, there are also some problems with their use in this domain, in particular in the sub-domains of the
control of continuous or batch processes. The problems originate from the fact that the continuous and batch
processes are, in most cases, slow in their reaction; consequently, their control sequences should have a corresponding duration. However, at present, all state machine models are based on instantaneous sequences, with
only the loop (or do) sequence having a duration. This paper presents a new state machine behaviour model for
procedural control entities in industrial process control systems. The main feature of the new concept of state
machine processing is the durability of all action sequences and not only the “do” or “loop” sequence, as is the
case in the existing state machine formalisms. The new concept enables modelling of control software for slow
continuous or batch industrial processes in a more straightforward manner and, at the same time, on a higher
level of abstraction than with using traditional state machine formalisms. The new concept is demonstrated
and validated by means of a case study, which addresses a control problem from a real industrial project. The
validation demonstrates that the proposed concept has a significant advantage. The concept is applicable to
other classes of slow response real time systems as well.
KEYWORDS: process control software, model-driven engineering, procedural control entities, state machines, behaviour modelling, slow response systems.
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1. Introduction
Industrial process control systems are hardware-software systems that control and supervise technological processes in order to achieve a process oriented
goal. These systems are used in all industrial sectors
because of their positive effects on productivity, product quality, flexibility, and efficiency in energy and raw
material consumption. Software is the central part of
process control systems because it implements various kinds of complex control activities. Interestingly,
the complexity of the development, operation, and
maintenance of that software is not so much associated with the basic control (i.e. achieving and maintaining the desired state of the process variables), but
more with so-called procedural control (i.e. performing activities that ensure the achievement of the goals
of the system or process). According to the estimates
of Boeing and Honeywell, process control software
development efforts represent 60-80% of the total
control systems development engineering effort [13];
and, procedural control software represents the major and most complex part of this software. Therefore,
it is of huge importance how this software is developed and what its attributes are.
During the last decade a new software engineering
paradigm called Model Driven Engineering (MDE)
has emerged, which has the potential to sustainably
raise productivity [17] and to reduce the complexity of
software and systems development [20]. In MDE, the
primary focus and products of software development
are models rather than computer programs [21]. MDE
relies on three main components, namely modelling
languages, model transformations, and software
tools. If models end up merely as documentation, they
are of limited value. A key premise behind MDE is
that programs are automatically generated from their
corresponding models. Automation is by far the most
effective technological means for boosting productivity and reliability [21]. Hence, executable models are
a key component of MDE, as well as such concepts as
automatic transformation of models and validation of
models [3]. Within MDE, state machines are a popular way of modelling the behaviour of systems [3]. The
underlying model of computation for state machines
is based on the formalism of a finite state machine
(FSM) [16]. FSMs are very useful for the representation of reactive systems (which include process con-

trol systems), more than linear or textual notations,
which are more suitable to transformational systems
[15].
Although the state machine based formalisms are
widely used in the modelling of process control software, there are also some problems with their use in
this domain, in particular in the sub-domains of the
control of continuous or batch processes. The problems we have encountered during our industrial applications of control systems originate from the fact
that the continuous and batch processes are, in most
cases, slow in their reaction; consequently, their control sequences should have a corresponding duration.
However, at present, all state machine models are
based on instantaneous sequences, with only the loop
(or do) sequence having a duration. The aim of this
paper is to present a possible solution to these problems and illustrate its implementation in a dedicated
modelling language.
The paper is structured in the following manner. Section 2 introduces state machines and their problems
in the domain of process control. Section 3 presents
a possible solution to these problems in the form of a
new state machine behaviour model. Section 4 gives
a comparison of the traditional and the new state
machine model on an industrial case study. Section 5
presents a brief discussion of the presented concept,
its use, and the conclusions.

2. State Machines and Their Problems
A FSM is a model of computation that specifies the sequence of states an object goes through in response to
events during its lifetime, together with its responses
to those events [1, Chapter 2]. A FSM is essentially an
abstract machine that consists of a set of states, an initial state, an input alphabet of events, and a transition
function mapping current states and event symbols to
next states [14]. The term FSM refers to the model of
computation, but not the diagram representing it; instead, a diagram representing a FSM is traditionally
called a state diagram or a state transition diagram [3].
The original FSM produces output only when it reaches a final state, however there are many variants, the
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most common being Mealy (producing outputs along
transitions) [15], Moore (producing outputs at states)
[8], and a combination of these (Moore-Mealy, producing outputs both along transitions and at states).
Although FSMs represent an important concept for
modelling real-time behaviour, they are at a rather low level of abstraction in terms of managing the
complexity of large systems development. In the late
1980s, Harel defined a visual formalism, which he
called statecharts, for describing states and transitions at a higher level of abstraction and in a modular manner. Statecharts were essentially state transition diagrams with the addition of the concepts of
clustering and refinement (hierarchies of states with
zoom-in and zoom-out capability), orthogonality
(concurrency), and broadcast communication [8, 10].
Harel and other authors subsequently defined a preliminary semantics for the statechart formalism [11,
19]. Then, over the years, the statechart formalism
evolved, resulting in a number of similar, though distinct variants [23]. The semantics of the original concept was revised by Harel in 1996 and this version is
often referred to in the literature as statecharts, Harel
statecharts, or classical statecharts. These classical
statecharts are, for instance, implemented in the tool
Statemate [10, 12].
Today there are several state machine dialects, which
were derived from, or at least strongly influenced by,
Harel’s statecharts, e.g. UML state machines (as specified in UML 2.4.1 [18]), or a newer object-oriented
version of Harel’s statecharts (implemented in Rhapsody [9]). Although the mentioned formalisms appear
to be very similar, there are some subtle syntactic and
semantic differences between them [3].
In the domain of process control, there are also some
state machine dialects in use that are similar to those
mentioned above. The most recent standard in industrial process control and automation systems is IEC
61499 [22], an extension of the ideas of IEC 61131-3,
with support for the design phase and for distributed process control systems. IEC 61499 compliant
programs are based on networks of function blocks
(FBs). Every FB has data inputs and outputs, which
are used by the algorithms, as well as event inputs
and outputs, which are used by the so-called Execution Control Chart (ECC). ECC is a specific kind of
statechart that defines the behaviour through the sequencing of the algorithm invocations. Another process control approach, similar to IEC 61499 in terms
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of the abstractions it uses and its expressive power, is
Matlab Simulink/Stateflow. According to [2], there
is a natural complementarity between the Simulink/
Stateflow and IEC 61499 Function Blocks. Simulink/
Stateflow provides a nice environment for the modelling and simulation of control and embedded systems, while Function Blocks are good for designing
distributed control systems. Additionally, Simulink/
Stateflow can also be used in the design phase, due to
its C or PLC (IEC 61131-3) code generation feature.
All of the above mentioned state machine formalisms
are fundamentally the same concerning the basic
state machine execution model. They all share a common processing characteristic in which only the processing within states (i.e. loop or do processing) may
have a duration, while all other processing (state entry
and exit processing, and processing of transitions) is
instantaneous. This model has, in our opinion, some
drawbacks, particularly when considering its use in
control systems of continuous or batch processes,
which are in most cases slow in their reaction. With
these slow systems, we would often like the entry or
transition actions to take some time, e.g. to perform
a device (basic control) command and then wait for
it to be executed. The control software should consequently be executed as sequences of process actions
with the duration measured in seconds, sometimes
even in minutes.
A common example is the opening of an on/off valve
in an entry sequence with a requirement of not to allow the starting of the loop sequence until the action
is completed. After issuing a basic control command,
the sequence waits for its execution, which can take
several seconds. In the current state machine formalisms, the mentioned slow processing can be achieved
by separating the processing (activities with duration) from the state model, which is then just triggering these activities from its instantaneous actions
(e.g. entry actions or transition actions). It is obvious
that such a separation of behaviour and processing
will likely result in difficulties caused by the necessary synchronisation of the completion of these activities with the starting of the loop sequence.
Another possible solution in the frame of current
formalisms is to introduce an additional state, called
Opening valve, which has the negative consequence
of lowering the granularity of state machine elements
and consequently also lowering the level of abstraction. In addition, such an approach is, in our opinion,
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important purpose, to avoid the repetition of information by closing into a superstate the actions and/
or transitions and/or dependence relations common
to a number of states. Note that a superstate is, in
fact, concurrent with its active substates at all nesting levels (there may be as many concurrently active
states as the number of nesting levels). In the nested
states, not only pure tree structures are possible, but
also overlapping superstates. In other words, a state
may be contained in one of the two superstates, or in
both of them.
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level in the hierarchy of states, higher priority is assigned to transitions with the sink in higher-level
(outer) superstates.

3 The state variable value changes from the source to

4 If the transition conditions for more susceptible

lowing the decreasing state hierarchy for each superstate of the sink state that is not a superstate of
the root state, the following successive steps are
performed:
a enabling the Always processing,
b execution (starting and waiting for completion)
of the Entry processing,
c enabling the Loop processing.

the sink state.

4 On the path from the source to the sink state, fol-

transitions with both sources and sinks at the same
level become true at a given moment, the choice of
a transition to be fired is non-deterministic.

The sequence of processing on state transition
Before giving the definition of the sequence of processing on state transition, we shall define the term
of the root state. The root state is the elementary
state, active at the time of transition firing, that is the
source state or a substate of the source state, in case
that the source state is a superstate. The sequence of
processing on state transition from a source state to a
target state is as follows:

5 For the sink state, the following successive steps

are performed:
a enabling the Always processing,
b execution (starting and waiting for completion)
of the Specific entry processing (the processing
of the transition into the sink state),
c execution (starting and waiting for completion)
of the Entry processing,

1 The processing of all substates of the source state

is terminated. This includes all Entry, Loop, Exit,
and Always processing and the processing of transitions into the target state (specific Entry processing) of all substates.

2 On the path from the source to the sink state, first

for the source state, and then successively, following the increasing state hierarchy for each superstate of the root state that is not a superstate of the
target state, the following successive steps are performed:
a termination of the Entry, Loop, Transient and
Specific entry processing,
b execution (starting and waiting for completion)
of the Exit processing,
c termination of the Always processing.

d enabling the Loop processing.

If the sink state is a transient state, then instead of c)
and d), there is an execution (starting and waiting for
completion) of its Transient processing.
The new state machine behaviour model allows overlapping of superstates. For an illustration of the implications of this fact, let us consider a few examples of
state transitions in state machines including superstates, which are shown in Figure 7. In the example, the
firing of a transition has the following implications on
the activation or deactivation of individual superstates.
1 Transition T1 implies activity of elementary state

S3 and superstates SS2 and SS3. At the transition,

Figure 7
An illustration of state transitions including overlapping superstates

SS3
SS2

SS1
S1

S2

S3

T1

S4

T2
Figure 7 An illustration of state transitions including overlapping superstates
waiting for completion) of its Transient processing.
The new state machine behaviour model allows
overlapping of superstates. For an illustration of the
implications of this fact, let us consider a few examples
of state transitions in state machines including

language ProcGraph. The language is a part of a
MDE based development methodology described
in [6]. An earlier version of ProcGraph was
described in [4]. Various versions of ProcGraph
have been successfully used over the last fifteen
years in more than twenty industrial projects,
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the superstate SS2 has to be activated, while the
possible need of the activation of SS3 depends on
which elementary state was active at the time of
transition firing, as follows:
__ if elementary state S1 was active ⇒ superstate SS3
is activated, since it has to be active concurrently
with state S3, which is the next active elementary
state;
__ if elementary state S2 was active ⇒ superstate
SS3 is not activated, since it already was active,
being a superstate of S2.
2 Transition T2 implies activity of elementary state

S4 and superstate SS2. At the transition, the possible need of the deactivation of SS3 is dependent
on which elementary state was active at the time of
transition firing, as follows:
__ if elementary state S1 was active ⇒ superstate
SS3 is not deactivated, since it already was nonactive, not being a superstate of S1;
__ if elementary state S2 was active ⇒ superstate SS3
is deactivated, since it was active concurrently
with S2, being its superstate, and it should not
be active concurrently with S4, not being its
superstate.

4. A Comparison of the Traditional
and the New State Machine Model
on an Industrial Case Study
The proposed new state machine behaviour model
has been implemented in the domain specific modelling language ProcGraph. The language is a part of a
MDE based development methodology described in
[6]. An earlier version of ProcGraph was described
in [4]. Various versions of ProcGraph have been successfully used over the last fifteen years in more than
twenty industrial projects, ranging in size (expressed
in a commonly used number-of-signals-based metrics) from a couple of hundred to a couple of thousand
signals. Some of the most interesting projects include
PVA glue production, resin synthesis in paint and varnish production, and several sub-processes of the titanium dioxide production process (ore grinding, ore
digestion, hydrolysis, calcinate grinding, gel washing,
chemical treatment, pigment washing, pigment drying, and pigment micronisation). Let us also note that
a very similar version of a state machine behaviour
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model, adapted to batch process control software, has
been implemented in a tool for batch process control
on a PLC platform, called PLCbatch [5, 7].
In the following, we give an illustration of the new behaviour model using one of the sub-processes of the
above-mentioned titanium dioxide production process.

4.1. A Short Introduction of the Industrial
Process Considered in the Example
Titanium dioxide (TiO2) is a white pigment that is
widely used in paint and enamel production. The production of the TiO2 pigment in the Cinkarna chemical
works consists of a succession of several processes.
One of the sub-processes in the first stage of the production (the so-called black part of the production)
is the batch process of ore digestion. In fact, it is the
second sub-process, the first being the ore grinding
sub-process. The ore digestion sub-process has both
batch and continuous processing. The continuous
part is dealing with the transport of various input
materials (ore, concentrated sulfuric acid, weak acid,
washing water, etc.). The batch part consists of six digester units and a common vessel for pre-mixing ore
and concentrated sulfuric acid.
For the purpose of illustration, a continuous operation of pneumatic transport of the ground ore from
the ground ore storage silo into the pre-mixing vessel dosing silo was used. The pneumatic transport is
performed by means of a fluidisation vessel, which is
situated beneath the storage silo. During the transport, the fluidisation vessel is alternately filled and
emptied by means of compressed air, which pushes
the ore through the pipeline towards the dosing silo.
Once inside the dosing silo, most of the ore falls to the
bottom, while some remains on the bag filters at the
top of the silo, while the air passes through the filters
and it is released into the atmosphere.
In the illustration, we point out the difference between two versions of a selected behaviour, namely the
version that has been produced by using the new behaviour model and the version that would be produced
if the usual state machine behaviour model was used.

4.2. Use of the New State Machine Model
The state machine of the pneumatic transport operation according to the new model is shown in Figure 8.
The state machine has typical states of a continuous
operation, namely Stopped, Starting, Running, and

vessel is alternately filled and emptied by means of
compressed air, which pushes the ore through the
pipeline towards the dosing silo. Once inside the dosing
silo, most of the ore falls to the bottom, while some
remains on the bag filters at the top of the silo, while the
air passes through the filters and it is released into the
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atmosphere.
In the illustration, we point out the difference between
two versions of a selected behaviour, namely the
version that has been produced by using the new
Figure 8 behaviour model and the version that would be
the usual
state according
machine behaviour
Pneumaticproduced
transportif state
machine
to the newmodel
model
was used.

The state machine has typical states of a
continuous operation, namely Stopped, Starting,
Running, and Stopping. The state Running is a
superstate, which is composed of three states,
namely elementary states Venting and Filling, and
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a superstate Emptying
(of the fluidisation vessel).
The Emptying superstate is composed of two
states, namely an elementary state Emptying
starting and a superstate Emptying running, which
is composed of three elementary states, namely
Not finished, Wait for finished, and Blowing the
chamber. As we can see, the behaviour of the
operation is quite simple, and the states are rather

Stopped
Starting
Stopping

Running
Venting

Filling

Emptying
Emptying starting

Emptying running
Blowing the chamber

Not finished

Wait for finished

Figure 8 Pneumatic transport state machine according to the new model

Stopping. The state Running is a superstate, which is
composed of three states, namely elementary states
Venting and Filling, and a superstate Emptying (of
the fluidisation vessel). The Emptying superstate is
composed of two states, namely an elementary state
Emptying starting and a superstate Emptying running, which is composed of three elementary states,
namely Not finished, Wait for finished, and Blowing
the chamber. As we can see, the behaviour of the operation is quite simple, and the states are rather intuitive and self-explanatory.

4.3. Use of the Traditional State Machine
Model
Let us see now the state machine of the pneumatic
transport operation as it would be if the traditional
state machine model was used. This state machine is
shown in Figure 9.
It is obvious that the state diagram in this case is more
complex due to a larger number of elementary states.
In fact, the Running superstate in this case has 10 elementary sub-states, while in the case when the new
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points where these differences arise.

Let us see now the state machine of the pneumatic
transport operation as it would be if the traditional state
machine model was used. This state machine is shown
in Figure 9.
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The first difference is the state Filling (see Figure
8). This state's processing is composed of three
parts, each of them having duration. The first part
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It is obvious that the state diagram
in this case
is more and Control
includes the filling starting sequence, which
has a
complex due to a larger number of elementary states. In
duration due to a number of sub-sequences it is
fact, the Running superstate in this case has 10
composed of, where each sub-sequence has to be
elementary sub-states, while in the case when the new
completed before proceeding to the next subbehaviour model was used, the number of these subsequence. The second part includes waiting for the
Figure
9
states was just 6, as can be seen in Figure 8.
filling of the chamber to be completed, which also
takes some time. Finally, the third part, including
Pneumatic transport state machine according to the traditional model
4.4. Comparison of Both State Machine
the filling stopping sequence, also has a duration,

Stopped
Starting
Stopping

Running
Filling
starting

Venting

Filling
running
Filling
stopping
Emptying
Blowing the pipe

Initial actions

Blowing the chamber

Emptying starting

Wait for finished

Not finished

Figure 9 Pneumatic transport state machine according to the traditional model

behaviour model was used, the number of these substates was just 6, as can be seen in Figure 8.

4.4. Comparison of Both State Machine
Models
In the following, we point out the differences between
the two state machines and give an explanation of
these differences. There are three points where these
differences arise.
The first difference is the state Filling (see Figure 8).

This state’s processing is composed of three parts,
each of them having duration. The first part includes
the filling starting sequence, which has a duration
due to a number of sub-sequences it is composed of,
where each sub-sequence has to be completed before
proceeding to the next sub-sequence. The second part
includes waiting for the filling of the chamber to be
completed, which also takes some time. Finally, the
third part, including the filling stopping sequence, also
has a duration, for a similar reason as the filling start-
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ing sequence. The new state machine behaviour model has enabled us to pack all three durative sequences
into just one state by allocating the filling starting sequence to the state’s Entry sequence, the waiting for
the completion of filling to the Loop sequence, and the
filling stopping sequence to the state’s Exit sequence.
Since in the traditional state behaviour model only
Loop processing may have duration, the Filling processing had to be allocated to three distinct states,
as shown in Figure 9, namely Filling starting, Filling
running, and Filling stopping.
The second difference is in the elementary state Initial
actions (a sub-state of the Emptying state), which appears in the state machine according to the traditional
model in Figure 9, while in the state machine according to the new model in Figure 8, this state seems to be
missing. But this is not the case, as its functionality
has now been allocated to the Entry sequence of the
Emptying state, where it fits best due to the fact that
these initial actions are, in fact, initial actions of the
Emptying state. In the traditional model, placing this
functionality to that point is not possible, since this sequence has duration and states’ Entry sequences in the
traditional model cannot have duration.
The third difference is in the elementary state Blowing the pipe (a sub-state of the Emptying state), which
appears in the state machine according to the traditional model in Figure 9, while in the state machine
according to the new model in Figure 8, this state also
seems to be missing. Actually, however, its functionality has now been allocated to the Exit sequence of the
Emptying running state. In the traditional model, placing this functionality to that point is not possible, since
this sequence has a duration and states’ Exit sequences
in the traditional model cannot have duration. For that
reason, this functionality was placed into a distinct
state Blowing the pipe, while the superstate Emptying
running was omitted, since there was no other processing to be allocated to this state. Omitting this state
could be considered as another drawback of the state
machine in Figure 9, since the Emptying superstate is
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now composed of just six flat elementary states, which
represents a certain lack of structure.
The above comparison clearly illustrates the advantages of the proposed new model, which was successfully used in a number of industrial applications.

5. Conclusion
In this paper, a new extended state machine behaviour
model for industrial process control systems was described. The extension is in the introduction of a hierarchical structure of states, in a fine structuring of
the processing, and in the introduction of two types
of transitions. The main feature of the new concept of
processing is the durability of all actions sequences –
not only the do or loop sequence – as is the case of other
state machine formalisms. This enables modelling of
control software for slow continuous or batch industrial processes in a more straightforward manner and,
at the same time, on a higher level of abstraction than
with using traditional state machine abstractions.
Our experiences with the use of the proposed behaviour model in real industrial projects are very positive, and, in our opinion, the new model has a great
potential to improve the quality and the complexity
management of process control software.
The new concept has been implemented in a domain-specific modelling language, ProcGraph, which
has been successfully used in a number of small- and
medium-sized industrial automation projects.
The concept has been developed for and demonstrated in the domain of industrial process control systems; however, it could be applied with benefit to any
class of slow response real time (reactive) systems.
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