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1. Introduction

Today the development of software in plant industry is con-
fronted with an increasing complexity of problems, but short-
ened project duration and project costs. Significant potential
for optimization during the development of automation soft-
ware and hardware exists in the following areas:

Improvement of software quality, cost reduction through
reuse of software and hardware modules [1], improved com-
munication between different groups of persons involved in
the development, and integrated usability of tools and
methods.

The Unified Modeling Language (UML) seems to be an
adequate notation for such demands.This article will discuss
on the basis of the plant automation’s requirements, i.e. the
process requirements, the requirements of automation con-
cepts and devices as well as the requirements of the project
(tool support, personell) what benefit the UML can provide.

An agile software development approach for embedded
systems has been transferred to automation and process
control. By using UML 1.x, an approach was developed, which
allows to generate IEC 61131-3 code [2] from an UML-model
and to import it into soft-PLCs, automatically. The generated
IEC 61131 code consists of ST and SFC. Besides, the system
architecture is part of the UML-model, which bridges the gap
between hard and software engineering. This approach was
proven using a sorting machine application and evaluated
by automation experts. The work is embedded in a develop-
ment of UML for process automation and usability test of
UML with automation engineers.

2. Requirements

An overview of requirements of process automation is listed
in Fig. 1 [3].

The criteria can be structured regarding process require-
ments, automation system architecture, and project. In
process automation, different kinds of processes are possi-
ble. A process automation system represents a type of
process, e.g. batch, continuous, or discrete. Sometimes
processes are composed of different process types. They are
called hybrid, due to the fact, that they consist of different
process kinds. These process types require different control
strategies and by that they require different modeling nota-
tion features, e.g. block diagrams or state charts.

Today plant manufacturing industry mostly installs stan-
dardized automation devices for automation systems, e.g.
PLCs (Programmable Logic Controller), which are pro-
grammed in IEC 61131-3 [2]. Therefore, the transfer of mod-
eling results into IEC 61131-3 is necessary.

The IEC 61131-3 contains languages, which follow a func-
tion-oriented or procedural-imperative paradigm. The
increasing use of these languages has caused a growing
dependency on the accepted standard, because existing
implemented systems must be expanded and the develop-
ers are familiar with the practice of “accustomed” program-
ming techniques.

Regarding an automation project, there are typically dif-
ferent engineers or technicians involved with different qual-
ification levels and subjects (Fig. 1). By that fact, the notation
has to be easy applicable to a certain level for process,
mechanical, and electrical engineers as well as for techni-
cians.

Depending on the project phase, different tools and
methods are used. In the worst case, the corresponding data
have to be re-entered during the transition from one phase
to the next, because there is a lack of appropriate interfaces
between the individual tools [4]. To reduce complexity of
interfaces between different models and tools modules may
be one appropriate solution. The modules integrate the dif-
ferent models and their tool representation for themselves.
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The different models or tools offer one
view on the module (Fig. 2).

The challenge is to integrate the
views of different project phases and
disciplines, e.g. basic engineering with
P&I-diagrams and simulation, detail
engineering with software and electri-
cal hardware design including circuit
diagrams, simulation, mechanical engi-
neering, process engineering, human
process interface, testing and commis-
sioning etc.

A module with these views is an
aggregation of information. The ideal
to strive for would be a higher-level
modeling notation and strategy sup-
ported by a tool that consistently pro-
vides all system information in one
model or provides powerful and clearly
specified interfaces to models of other
disciplines or project phases.

In a prior study the module concepts
of different industrial users were exam-
ined and a common model for modules
in automation was evaluated [1]. “The degree of module
usage differs dramatically in different companies. The advan-
tages of module reuse is accepted, but the effort of time and
money to develop this module without an already existing
appropriate engineering tool is rated definitely to high” [1].
We found that all companies base their design on a number
of basic modules (mostly 10–15). “The aspects of hardware
(instrumentation, electrical schematics and process / machin-
ery) have been hardly integrated. Despite the momentarily
situation the benefits of modular software and hardware
(instrumentation) could be demonstrated by one of the inter-
viewed companies.The necessity of an effective and “easy-to-
use” engineering support for reusable
modules was rated as a prerequisite.

The question remains how such
modules should be modeled by and for
application engineers. Since the benefit
of notations differs with the nature of
the programming task [5], the selected
notations have to provide elements for
the specification of hardware and struc-
ture, sequence cascades, interlocking,
control loops and modular design (Fig.
1). An overview and expert rating of
existing notations for automation sys-
tems were given by VDI/VDE 3681 [6].To
gain the benefits of reuse an object ori-
ented notation should be chosen.

For application development in
areas other than automation technol-
ogy the principles and methods of
object orientation and their UML nota-
tion have been used for some time to
meet the requirements of reusability
and improvement of software quality.

In automation technology, the utilization of object orienta-
tion is still in its infancy.

Many existing notations provide solutions for isolated
requirements. Indeed no established notation fits all of
them. UML has advantages concerning its applicability
across different development phases or the degree of famil-
iarity among developers as well as users, which are also of
value in embedded software engineering. But the main ben-
efit is based on its extensibility constructs. It is possible to
build specialized profiles for missing subjects. Using this
mechanism UML for process automation (UML-PA) has been
developed [1, 7].
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Fig. 1: Requirements in process automation [3].
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UML 2.0 specifies with the Profile for
Schedulability, Performance and Time
Specification some useful constructs
for real time systems, but has no formal
semantics [8]. Regarding system archi-
tecture it provides useful diagrams as
composition structure diagram, which
allows to model specific hardware and
define symbols for that purpose. The
development of the prototype is based
on UML 1.x, because tool support for
UML 2.0 is available recently. An evalua-
tion with standard UML (1.x) will be
introduced next.

3. Evaluation of UML for PLC programming

The appropriateness of UML for process control was evalu-
ated from a usability and cognitive science point of view.
Regarding Curtis’ [5] mental model for programmers - two of
six influencing factors of programming performance (knowl-
edge base and cognition) - may be influenced by education
and systematic software engineering methods. The benefit
of modeling for programming complex distributed automa-
tion systems with real time requirements has not been eval-
uated yet.
If one of the notations should be applied for modeling in
process control engineering it needs to be easy to use by
engineers to specify the software functionality.The Idiomatic
control language (ICL) was chosen because it is rated intu-
itively for process control engineering and includes well
known and wide spread basic notational elements [9]. The
ICL consists of three basic elements, i.e. a type of Sequential
Function Chart, decision tables for conditions and transitions
as well as idioms for controllers.

Experiments with students of electrical engineering and
afterwards with technicians and skilled workers were
designed and conducted. The goal was to evaluate the ben-
efit of the UML and ICL for the use in software development
regarding ‘ease of learning and comprehensibility’ and
‘applicability to design a PLC program’. [

The task was to create a model for a production process
with UML or ICL and to use it for programming a PLC. For
comparison, one group had to program without modeling.
The procedure and the results (model, program) and time
consumption of each experimentee was documented by an
observer.

The results of the experimental design I and first pass
(Tab.1, highlighted yellow) revealed problems building a
model in the evaluated notations (Tab. 1).The students rated
their notational knowledge and the ease of modeling usage
as good in the questionnaire (post). The documented mod-
eling results were analyzed and showed lacks in students
knowledge. The models were analyzed regarding
• level of detail,
• notational correctness (e.g. mixture of state and transition

(UML), missing transition details),
• modularity and reuse.

The IEC 61131 program was analyzed by means of code
inspection (e.g. correctness of transition conditions, struc-
ture).

Some results are summarized as follows:
• The acceptance of abstract modeling raised with the

complexitiy of the task.
• All experimentees rated modeling as useful, if the task

was complex enough.
• The experimentees rated their notational knowledge as

good and the applicability of the modeling notation as
easy (questionnaire)

The correlation between the modeling and programming
result and the questionnaire wasn’t significant (values under
0,6) and the benefit of modeling prior to programming
could not be shown. Possible reasons are groups instead of
single test person (influence of group behavior and using
averages) and the low quality of the created models.

Due to these results, the set-up was changed in experi-
mental design II and second pass to reduce complexity of
the experimental design. The test persons then worked
separately and obtained a complete model or a textual
description of the process. The first task was to answer
questions about the process after working through the
model. Afterward they had to use the model for program-
ming the PLC.

As experiment II, second pass (highlighted green) has just
been finished, results are available as a trend. Regarding the
ability to understand the models, the textual specification
and the ICL showed advantages in answering questions
about the process. Nevertheless, the UML groups required
less time for the transfer from model into program code,
their transitions were specified more precise and they
designed a more modular program code. Comparing to the
textual specification UML seems to be more advantageous
regarding the programming task.

The results of the experiments with the target group, i.e.
skilled workers and technicians were conducted already.The
group of trainees for skilled workers was tested due to exper-
imental set-up II, because they showed significant lacks in
UML during lectures and exercise prior to the experiment.
The experiments showed so far, that standard UML is not sig-
nificantly better than other notations for PLC programming.

54 3 (2005)  No. 1  atp International

Engineering

Table 1: Design of the experiments (yellow – no significance).

Group number
I II

Experimental design modeling & programming
programming with given model

Groups of experimentees ICL UML without ICL UML text

students BSc 6# 6# 6# 7 7 7
– Information Technologies
– Electrical Engineering

MSc 2 2 2 – – –

Students in industrial practise 3 3 3 – – –

Trainees for skilled workers – – – 4 4 4

Technicians 3 3 3 – – –

Application engineers * * * * * *

* To be done   # groups with 2 members



Reasons may be,
• the lack of a guideline or strategy, i.e.

which diagram should be used for
what purpose. A pre-experiment
underlined this influence.

• Standard UML needs to be adapted
to support applicaction in process
automation,

• Advantage of inheritance is weak in
this application. Kim and Lee [10]
showed that programmers using
object oriented design “spent less
time in absolute an relative terms in
the task [application] domain.”
Object Oriented Design’s” emphasis
on abstraction helps to find the
underlying problem structure”,

• lack in tool support and
• lack in automatic code generation

(IEC 61131),
• experience using UML. With excep-

tion of some members of the stu-
dents groups all experimentees
used UML the first time.The familiarity with UML increases
its advantages regarding time and quality of a model [11].
For application in industry this argument is weak, because
under economic conditions the advantage needs to be
visible in the first project.

The applicability of UML should be improved significantly
by means of the six reasons mentioned above.

4. Automatic code generation from a UML
model to IEC 61131-3

The different aspects of code generation from UML will be
discussed starting from the principle of the code generation
as an overview, the mechanism of code generation and the
extension of the UML metamodel. The mapping of the UML
model to the IEC 61131-3 as the software part of the UML
model will be discussed in chapter 4.2. In chapter 4.3 the
interfacing between software and hardware architecture will
be explained. Finally the valuation by expert rating will be
discussed.

The development of the prototype is based on UML 1.x,
because tool support for UML 2.0 is available recently.

The structured analysis offers notations and models of
operation for a top down design of automation systems.This
concept follows a strategy of successive refinements. It iden-
tifies objects, but it has neither a mechanism nor a notation
for concentrating common attributes and behavior to
reusable classes .

A UML strategy designed for modeling embedded systems
[12] was adapted to meet the requirements of automation
technology.This adaptation considers hardware boundary con-
ditions and real-time aspects and leads to a hierarchic model
that pragmatically supports the system development process
from comprehensive requirements analysis to technical soft-

ware design. The real time aspects are discussed in [13] and is
beyond the scope of this paper.

Real-Time Studio from Artisan [14] was used as modeling
tool.This tool is particularly suitable due to its modeling flex-
ibility and open software architecture, enabling simple inte-
gration of third-party tools via OLE interface as well as
enlargement of the UML metamodel. Besides the tool pro-
vides system architecture diagrams, which allow to integrate
systems hardware classified by using stereotypes parameter-
ized with tagged values. Based on the above mentioned
strategy an application example was modeled. From this
model, a code generator automatically creates the IEC
61131-3 code (SFC and ST) and derives system architecture
information, which are automatically imported into the PLC
programming environment and into the system configura-
tion tool. By that the application example is fully and cor-
rectly automated (Fig. 3). The code generator creates a plain
text file with IEC 61131-3 code. The IEC 61131-3 program-
ming environment has to support this import.

By using the graphical representation of the hardware
architecture the mapping of I/O addresses to variables (soft-
ware) could be realized.

All CoDeSys implementations [15] support this function-
ality. In this prototype TwinCAT [16] was used. The concept
for an import to Siemens S7 has already been developed.

4.1. Mechanism for code generation

The OMG (Object Management Group) guarding the specifi-
cation and development of UML defines the application of
UML as follows: “The Unified Modeling Language (UML) is a
language for specifying, visualizing, constructing, and docu-
menting the artifacts of software systems, as well as for busi-
ness modeling and other non-software systems.”…” How-
ever, users may sometimes require additional features
beyond those defined in the UML standard. These needs are
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Fig. 3: Principle of code generation.



met in UML by its built-in extension mechanisms …” [17].
Exactly these features are used for the automatic code gen-
eration. Exemplarily the usage of one extension mechanism
will be explained here: the UML state chart with transitions
which fire depending on guard conditions and priorities.
These type of transitions is implemented in IEC 61131-3 SFC.
To design this extension mechanism a stereotype <<TPrior-
ity>> was defined, which is associated to a transition (Fig. 4)
and is restricted to UML elements of type transition.

The value of the priority will be specified with a tag prior-
ity type Integer added to the stereotype <<TPriority>>.

This extension mechanism affects the UML-Metamodel.
On metamodel level a new class transition will be derived
(Fig. 5) and by that a new UML element is created.

To this new UML element, which is derived from an existing
element using a stereotype, attributes can be assigned. The
attributes are named tags, their values are named tagged val-
ues. Tags may be data types, enumerations or references to
other model elements. Using references allow to add associa-
tions in the metamodel. With stereotypes and tagged values
the metamodel may be enlarged by new classes, attributes
attached to these classes and by new connections between
different UML elements. A domain or problem specific collec-
tion of stereotypes with their tags and constraints is called a
profile (constraints are beyond the scope of this article). For
example the profile for schedulability, performance and time [8]
integrates real time aspects to UML.

4.2 Mapping the UML model to IEC project 
structure

Class diagrams are appropriate to describe the static code
structure. Using stereotypes the class itself and its relation to

other classes can be modeled in its entirety. For the dynamic
behavior activity diagrams and state charts are of interest.
Collaboration (replaced by communication diagrams in UML
2.0 [18]) and sequence diagrams show only scenarios or use
cases. The similarity of state charts in UML and sequential
function charts (SFC) in IEC 61131-3 is obvious. Therefore
state charts are chosen for the dynamic model.

The IEC 61131-3 language definition does not include
classes yet [1, 2]. But other constructs in IEC 61131-3 offer
similar mechanisms. Data type structures can be instantiated
and allow to define structures. So nested data type struc-
tures are used to build classes with attributes and operations
(Fig. 6).

The top level type definition named as the class includes
the methods’ and attributes’ type definition. The methods
type definition consists of FB instances, which implement
the methods of the class. The attributes’ types definition
encapsulates all public attributes of the class with its’ data
type and a further type definition for the private attributes.
The following example shows the instantiation and usage of
attributes and operations of this class construct.
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The UML metamodel
UML 1.x defines nine different diagrams to model the sta-
tic structure, the dynamic behaviour and implementation
aspects. Those diagrams offer a different point of view on
the requirements. All these diagrams and diagram ele-
ments are joined together by the meta model. The meta-
model specifies the relations between the different ele-
ments of the UML. The metamodel itself is specified
through a set of class diagrams and can be understood as
the model of UML.

The state chart metamodel (Fig.) shows that transitions
and states are associated to a state chart. Besides simple
states a state chart can contain initial, final and parallel
states which are derived from simple states. A state is
related to an acitivity. A transition should have conditions
and actions. In this way all UML elements and their inter-
connections are specified.
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Fig.: Part of the meta model of state charts (simpliefied) [full speci-
fication see 17, p.2/141].



VAR
MyClass : Class; (* instantiation *)

END_VAR

MyClass.Attributes.MyAttribute1:=TRUE; (*assignment*)
MyClass.Methods.MyMethod2(...); (* call *)

In the UML model, each task is represented by a package.
A package contains a class diagram consisting of classes
stereotyped according to their particular purpose.This could
be the collection of data (entity-classes), reusable functions
(service-classes) or the concentration of central control oper-
ations (service-classes) [12].

Each method within a class is assigned a state automaton
(Fig. 7) that defines its dynamic behavior. Another state
automaton describing the inter action of its methods is
assigned to the control class itself. This state automaton
becomes the main program of the task in the IEC 61131-3 pro-
ject. This main program calls function blocks (FB) which result
from the conversion of the control class’s methods.These con-
verted methods can in turn access the functions or function
blocks which originate from methods of the service class for
carrying out standard operations.This
defines the call structure within the task.
The state automatons of the UML are
translated to Sequential Function Chart.
As this prototypical implementation is
restricted to one PLC the modelling of
the resources is implicit and access
paths are unnecessary.

4.3 System architecture

For modeling hardware, Artisan Real-
Time Studio offers so-called system
architecture diagrams (SAD). SADs can
be used in terms of pre-stereotyped
UML deployment diagrams. The SADs
are used to model hardware compo-
nents, actuators and sensors. In order to
use SADs as a basis for an automatic
hardware configuration it was neces-
sary to enlarge them by certain stereo-
types for example bus coupler or bus
terminal (Fig. 8). These stereotypes may
be enriched with all relevant informa-
tion available in a data sheet for this
device. The integration of UML 2.0 with
its system diagrams is one of the next
working packages. In UML 2.0 the
visual presentation of a stereotyped
UML-element can be adapted to any
supplier symbol.

The variables used in the class and
state diagrams are assigned to the
actuators and sensors using stereo-
types with a reference tag.

The information which program
variable is connected to which hard-

ware adress can automatically be transferred to the hard-
ware configuration tool of the PLC programming environ-
ment, e.g. TwinCAT system manager. In this way a modifica-
tion of the hardware structure can be realized by simply
changing the associated arrow in the SAD (Fig. 8). The re-
wiring is thus automatically performed correctly by the
developed software.

In the prototype the SAD’s similarity to a system architec-
ture, network architecture or I/O-allocation in a circuit dia-
gram is aimed at. Unfortunately up to now there is no com-
mon standard for hardware elements available and the dif-
ferent soft PLC tools (e.g. 3S, Beckhoff, KWSoft and Softing)
implement this in a different way.

One approach is to use the UML-model as a common
basis for different engineering views and platforms. Which
means modeling of the system’s architecture using UML in
order to generate different data, which can be consumed for
example by ECAE-tools. The export or import to or from
ECAE-systems can be performed via XML. This functionality
is required by a number of system integrators. Another
approach is to program interfaces between the different
models and their tools.
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TYPE MyClass_Attributes :
STRUCT
PRIVATE : MyClass_Attributes_PRIVATE;
MyAttribute1 : BOOL;
MyAttribute2 : BOOL;
END_STRUCT
END_TYPE  

TYPE MyClass_Methods :
STRUCT
  MyMethod1: MyClass_MyMethod1;
  MyMethod2 : MyClass_MyMethod2;
END_STRUCT
END_TYPE   

TYPEMyClass_Attributes_PRIVATE :
STRUCT
MyPrivAttribute1 : BOOL;
MyPrivAttribute2 : BOOL;
END_STRUCT
END_TYPE 

MyClass_MyMethod2 [FB]

MyClass_MyMethod1 [FB]

::MyClass
MyAttribute1
MyAttribute2
MyPrivAttribute1
MyPrivAttribute2
MyMethod1 ()
MyMethod2 ()

TYPE
STRUCT
  Methods : MyClass_Methods;
  Attributes : MyClass_Attributes;
END_STRUCT
END_TYPE    

Fig. 6: Class construct in IEC 61131-3.
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Fig. 7: Mapping of the UML model to IEC 61131-3.
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4.4 Valuation of the protoype

The strategy and the code generator were evaluated with a
simple application example representing a manufacturing
process in which workpieces are processed differently
depending on the results of a material analysis (inductive,
optical). The “agile” strategy as well as the code generator
could be proven.

The next evaluation step includes from automation indus-
try experts and system architects for IEC 61131 environ-
ments and from system integrators applying such environ-
ments system architects and application engineers.

The result of this evaluation is summarized as follows. To
profit from object orientation reuse by inheritance and mod-
ule variation is targeted.

The application of UML in machine and plant automation
is on the one hand appreciated for specification of automa-
tion functionality and architecture in general and for the
specification of reusable modules. On the other hand most
managers or head of design departments are pessimistic
about its applicability for average application engineers.

Transparency was estimated low, when using inheritance
and changes on the top level occur.

Another main argument against code generation from a
model is the lack of back propagation. One requirement is,
for example, to allow the start-up engineer to program in the
case of malfunctions directly in the IEC 61131-3 code.Tthose
changes need to be returned consistently to the overall UML
model. With IEC 61131-3 in its present form this is only pos-
sible using a large number of rules. An extension of
IEC 61131-3 with object orientation constructs is already
under discussion [15]. If such constructs were included in the
standard, back propagation from IEC 61131 to UML and
application of UML without semantic breakes would be eas-
ier to realize. Until such time, the approach of simultaneous
representation of the UML model and IEC 61131-3 code can
provide concrete assistance.
The systems integrator group of experts is more optimistic,
especially when using ST as one of the IEC 61131-3 pro-

gramming language or C. The connection between soft-
ware and hardware was estimated most important. The
acceptance of UML was rated as good, when appropriate
tool support is available and a guideline with best practice
as well as a library of standard modules is available to start
with. This was reached by a developed import functionality
of already existing IEC 61131-3 function blocks into the
code generator.

The different disciplines require different information in
depth and representation, they use different proprietary
tools, but lack for an integrated project view to find inter-
faces in case of partial redesign (Fig. 9). UML may provide the
basis, but therefore transformations between the different
models and tools need to be realized. A commercial tool is
required, which provides this functionality and open inter-
faces.
The code generator and the strategy could be proven suc-
cessfully, but automation specific requirements need to be
handled more efficiently and easier for application engi-
neers. The adpation of UML for process automation is one
approach.

4.4 Adapting UML for process automation (UML-
PA)

UML-PA is an adaption of UML for process automation sys-
tems, i.e. modeling of controllers handles time constraints,
dynamic redundancy, time triggered synchronization of dis-
tributed systems, communication structures between
encapsulated modules (from the UML-RT profile), structures
for clear multiple inheritance relations and an enlargement
of the deployment diagram to describe the mapping of soft-
ware and hardware architecture. All elements, which extend
the UML to the UML-PA are realized through stereotypes and
constraints. Therefore they are based on the extensibility
constructs of the UML. In detail the UML-PA contains the fol-
lowing enhancements [7, 13]:
• time constraints on architectural level
• timed state machines
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• communication by ports and protocols (which will not be
discussed here) and

• mapping between software and hardware

Most UML-PA extensions can be realized through annota-
tions within such tools. Based on the UML code generator
the UML-PA should be interpreted. By this it will be imple-
mented in such a tool.

5 Results and future work 

The prototype was used to demonstrate that automatic
code generation for automation technology can be achieved
through pragmatic application of UML. However, the actual
benefits of object orientation have not yet been exploited.
The benefits – but also any problems – will become apparent
during application in a more complex system, e.g. a real
machinery for packaging including UML-PA Elements. This
has been started already. In such application mechanisms
such as inheritance will be used. This will significantly sim-
plify the administration of variants and modules. The inte-

gration of network aspects is another target. For distributed
systems the performance of networks and the mapping
from software modules to different hardware structures
depending on the project size, selected variants and the net-
work performance is a prerequisite. The integration of UML
2.0 with its system diagrams has been started.
Besides technical requirements a guideline for application
engineers was developed, which provides an “agile” strategy
for UML application.
For usability studies a huge field for research is still open, but
the experimental design is difficult, but nevertheless only
such experiments can help to understand what hinders the
successfull application of UML in process automation. This
analysis allows to derive beneficial notations and engineer-
ing support for application engineers in the future.
UML offers the opportunity to integrate several views of dif-
ferent project phases and disciplines, e.g. basic engineering
with P&I-diagrams and simulation, detail engineering with
software and electrical hardware design including circuit
diagrams and simulation, mechanical engineering and
process engineering, human process interface, testing and
commissioning etc.
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The different disciplines require different information in
depth and representation, they use different proprietary
tools, but lack for an integrated project view to find inter-
faces in case of partial redesign . UML may provide the basis,
but therefore transformations between the different models
and tools need to be realized.
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