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KURZFASSUNG

Der Funktionsumfang von Software-Systemen hat in den letzten Jahrzenten kontinuierlich zugenommen
und damit einhergehend deren Komplexitat. Innerhalb der traditionellen Softwareentwicklung kommen hier
Softwarearchitekturen und Architekturprogramme zum Einsatz. Diese Produkte kénnen jedoch nicht flr
Systeme mit Speicher programmierbare Steuerungen (SPS) herangezogen werden da diese nicht
unterstiitzt werden. Somit bleibt die industrielle Automatisierungstechnik hier auf der Strecke. Ein SPS
Generationenwechsel stellt das Unternehmen SSI Schéafer Automation vor die Herausforderung, dass all

ihre Produkte umgestellt werden mussen und dafur soll die Software neu entworfen werden.

Ziel dieser Arbeit ist es ein Architektur-System zu schaffen welches auch SPS Programmierung unterstitzt.
Mittels dieses Systems wird eine Software-Architektur erstellt, welche dem Stand der Technik entspricht
und dessen Anforderungen abdecken kann. Es wird eine objektorientierte Architektur entwickelt, die auch

auf SPS-Systemen eingesetzt werden kann, welche diese Funktionalitat nicht beherrschen.

Der Designprozess wird anhand von Beispielen demonstriert und zeigt den Werdegang von den
Anforderungen, Uber die zu treffenden Entscheidungen bis hin zur fertigen, modelbasierten Architektur und

deren Dokumentation.

Die resultierende Architektur ist flexibel und kann dadurch auf verschiedenste Produkte angewandt werden.
Mit dem definierten Architektur-System ist es maoglich alle notwendigen Schritte flr das Erstellen einer
Architektur durchzufiihren und zu dokumentieren. Aktuell wird das erste Produkt mit dieser Architektur

umgesetzt, weitere werden in Zukunft folgen.

ABSTRACT

During the last decades the functionality of software has risen steadily, which has led to an increased
complexity. In the classic field of information technology this problem can be solved with a well-documented
software architecture. In an industrial environment this is not feasible, because these systems do not
support programmable logic controllers (PLCs). SSI Schéafer Automation is facing a generation change of

their used PLC systems resulting in a redesign of the current software.

The aim of this master thesis is to create a software architecture system that can also be used for PLCs.
Using this system, a software architecture is designed which matches the demands of a state-of-the-art
conveyor system. An object-oriented architecture is developed that can also be applied to the PLC systems

which do not support object-oriented languages.

The architectural process is outlined in a few examples and demonstrates the development from the
requirements to the necessary definitions and subsequently to the model-based software architecture

documentation.

The designed architecture is as flexible as possible and can be used for multiple different products. With
the architectural system it is possible to design these systems and document all the necessary decisions.

Currently the architecture is applied to the first product and others will follow.
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Introduction

1 INTRODUCTION

The demand for flexible, complex and at the same time sustainable, high quality software is nowadays
higher than ever. Over the last decades, the requirements in the information technology (IT) field have risen
constantly and the modern way of developing software has not much in common with the old-school
programmer who just wrote code until the requirements were fulfilled. Since the last decade software
architecture (SA) and software design have been playing an essential role in how software is developed.
The view at the big picture and structure of whole systems gives developers the chance to understand the
needs, responsibilities and tasks of a certain software parts better than before. This means that with a well-
done software architecture it is possible to develop a product in higher quality, with higher flexibility and

better maintainability. Due to that it has a higher extensibility.’

Thanks to the evolution of developing from a bit and byte-oriented execution of commands to a more and
more abstract form of object-oriented programming it is easier to write complex programs and services.

Without this progress a life with smartphones and connected machines would not be possible.

But not all areas of the IT are operating at this high level of abstraction. One of the oldest applications, the
industry, works with Programmable Logic Controllers (PLCs). They are still working on a very low level of
abstraction. It is only in recent years that this sector begun to improve their possibilities and started to follow
in direction of working with objects or similar ideas. PLCs are the brain of a lot of machines in the industry.
To improve efficiency and to increase the productivity, it is necessary to get more information from them.
So, they must become more intelligent and smarter, vice versa this means that they become more and
more complex. This complexity leads to a need for a software design, a well described documentation and
an architecture by which all decisions and definitions are understandable and always easy to access for

the developers and stakeholders.

1.1 Investigation Interest

As mentioned before, the topic of software architecture is nothing new in general but there is not really a
solution or a guideline for PLC programs. Also, the role of a software architect is new in this segment. It is
necessary to understand the need of both to bring PLC development on a higher level of abstraction. This
in turn is required to build a sustainable and long living base to become ready for connected and flexible

machines (industry 4.0).

So far only in the highly standardized automotive sector a well-known software architecture is set, but it is

not common within the rest of the field of industrial automation yet.

1.2 Objectives

To bring the advantages of a software architecture to PLC programming some things have been

investigated. Therefore, the following questions will be answered in this thesis:

' Cf. Vogel/Arnold/Chughtai/lhler/Kehrer/MehligiZdun (2009), p. 2
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e What and who is needed to develop a sustainable architecture?

e Which tools are common and used?

e How detailed does a software architecture have to be in order to support a development but not to
take the main role?

e How do decisions have to be documented?

e Isitpossible to transfer workflows, from the common software development into the PLC world and
how could it be done?

e  Which compromises must be made during this process?
The target state after the thesis is a future-proof software architecture and its environment, which includes:

e A software design system, with easy access and support of ongoing improvements of the design.
e Documentation templates, for decisions and software parts.
e A development process with quality gates to make sure that all the definitions and architectural

regulations are respected.

With this setup, it should be possible to create an overview about the impact future changes may have on
the PLC program and which software parts are affected by it.

All these definitions (tools, processes and documentation) should be verified with a few example
components within the whole system, using the defined architecture. From the collected requirements,
building the architecture, documenting decisions to the software documentation should be exemplified with

those examples.

1.3 Structure of the Thesis

This thesis is structured into 7 parts. The first one deals with the introduction, investigation interest and with
the goals of this thesis. It provides an overview about the leading questions and shows up why this topic is
from scientific interest. In the second chapter the basic information about a software architecture are
discussed, it introduces the software architect und explains the structure and the content of an architecture.
Afterwards, in chapter three, development processes and architectural tools are introduced. With the
theoretical knowledge of the first three chapters, in chapter four, is examined what are the PLCs
disadvantages and how they can be compensated from the architectural point of. This leads to the definition
of an object-oriented model of a PLC-object for non-object-oriented systems. Chapter five, introduces an
architecture system which can be used to design PLC software. In chapter six, the defined structure,
architectural system and the PLC-object are combined to a software architecture which meet the
requirements. This chapter is structured into two main parts. The first one deals with the basic structure of
the system and introduces some architectural decisions. Furthermore, the second part, shows, two
examples, which outline the architectural design process and the problem solving during this phase. In the
last chapter, the results are summarized and a forecast about the next steps and the possible future
advantages are designated.
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2 SOFTWARE ARCHITECTURE

This chapter gives an overview about software architecture, the role of a software architect and a few details

about the structure and the content of an architecture.

2.1 Definition and Essentials

According to the Oxford English Dictionary the word architecture means “The art or practice of designing
and constructing buildings™ and in the IT, it is defined as “The conceptual structure and logical organization
of a computer or computer-based system.”s. Another definition was given in 2011 by the international

standard ISO/IEC/ IEEE 42010 - Systems and software engineering - Architecture description:

“Fundamental concepts or properties of a system in its environment embodied in its elements, relationships,

and in the principles of its design and evolution™

Due to the formal definitions, the standard ISO/IEC/ IEEE 42010 defines the principle structure of the whole
system, the program units (called blocks) and the interfaces and objectives of each of them. The
architecture contains plans, rules and examples of how to build the system, but it is also a documentation
about decisions which were made and how. This construction supports the realisation of the system which
is designated in the architecture, in this case a software program. Summarized it means that a software

architecture describes the big picture of a system or a vision of it %6

How can the target of the architecture be defined? The answer to that question is not simple as it is designed
for stakeholders as well as for developers, for service engineers as well as for software trainers. That means
that if the implementation is done in the right way, different groups of people will benefit from it. However,
if not properly monitored wrong decisions will be made, because of outdated information, which can cause
a lot of work or money. This is the reason why it is important to create a living architecture, one that is easy
to access on the one hand and easy to update or edit on the other hand. The criteria of a good software

architecture are discussed more detailed in chapter 2.7.

To start designing an architecture it is necessary to know what the customer needs. Therefore, it is
important to understand what the objectives of the system are, who will work with it and so on. With this
information, it is possible to define requirements. But there are not only the customer requirements, there
are also requirements from inside the own company (see Figure 1). To deal with this bundle of different
requirements it is important to manage them. This could be done with various systems, a few of them will
be described in chapter 3. As important as requirement management, is a person who is able to deal with
the requirements and designing a system which is able to fulfil them. This is one of the tasks of the software

architect.

2 Oxford University Press (2017), Online-Source [30.August.2017]
3 Oxford University Press (2017), Online-Source [30.August.2017]
41SO/IEC/IEEE 42010 (2011)

5 Cf. Starke/Hruschka (2011), p. 3

8 Cf. Oquendo/Leite/Batista (2016), p. 4
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2.2 The Software Architect

To make it easier to understand what should be in an architecture it is important to understand the role of
the software architect. Who and what influences him, what are his tasks and what is his role in a software

development project?

“One of the most important decisions you will have to make as an architect is whether something is
important enough for you to worry about or whether it can safely and more appropriately be left until the

detailed design phase””

Beside the knowledge of the used technologies it is important that he or she is able to communicate with
different stakeholders in their own form of language. It is necessary that a software architect can explain
the architecture in different ways to make it understandable and show how the requirements will be met. In
Figure 1 a few different stakeholders which are involved can be seen. Some of them are technicians, others

in turn are economists, but all of them have important requirements.8

Performance, Usability, Security

Short time to market, low cost, AT, B e

neat features

Low cost,

End-User Stakeholder

leveraging existing corporate
asset, include state-of-the-art
technologies

Low cost, timely delivery

Marketing/Sales Stake\HOIQer Cu s;,to’ﬁ”ner Service Stakeholder

Development Stakeholder Customer Stakeholder

Y
. Technical .
New Technologies . - Experience
Enviroment

Architect

Figure 1: Software Architect Influence, source: Own illustration

The software architect is the link between the different parties and must interact with each of them in a
content-related and in a personal way. That is the reason why a software architect needs to have as much

experience as possible but also the right sense of innovativeness to do this job.°

7 Rozanski/Woods (2005), p. 59
8 Cf. Starke/Hruschka (2011), p. 9

9 Cf. Rozanski/Woods (2005), pp. 60-62
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“Becoming a software architect isn’t something that simply happens overnight or with a promotion. It's a
role, not a rank. It's the result of an evolutionary process in which a person will gradually gain the experience

and confidence needed to undertake the role.”'°

It is also possible to have a group of architects. This is very helpful, because they can discuss their designs
and find better solutions. Another benefit of a group of architects is that they are better in handling the
workload. But it is also important to have a hierarchy within the group otherwise it is not possible to find a

consent about a topic every time.

To bring all these things together the software architect has to do a lot of things simultaneously, in the next

chapter these tasks are described and in chapter 2.2.2 the skills needed to do that are defined.

2.2.1 Tasks of a Software Architect

All the tasks from Figure 2 must be executed simultaneously, because all of them influence each other. If
one requirement is changed, it is possible that the structure and the way it must be implemented changes
and vice versa. In this chapter, all these tasks will be described in order to shown how important it is to be

able track a requirement and to document all decisions.

Clarify requirements and
boundary conditions

Create technical concepts
and specifications

Design structure

Communicate the

o ) Evaluate the architecture
architecture

Support the
implementation

Figure 2: Tasks of a Software Architect, source: Own illustration

Clarify requirements and boundary conditions

The software architect handles the consistency and the quality of the requirements. It is not his or her task
to collect, categorize and prioritize all the requirements. If some of them are not clear or contradictory it is

not possible to create a clear structured system that satisfies all parties. If something like this happens, a

10 Cf. Brown (2014), p. 18
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requirement engineer/manager, product owner or a specialist in this field is in charge to improve the
description, see chapter 3.1. Often some requirements are left behind, because some of them seem to be
obvious. However, to round things up it is necessary that all the requirements are documented and well

described."

It is also a part of this task to separate the currently designed system from others. It must be clarified what

is a part of this system and what is not. What are the interfaces and how do they work and look like?12

It might also be necessary to take a look at the list of stakeholders in order to ensure that no important party
will be left behind. This can help at later stages when the first testers are working with the new product and
they realize that something important is missing, because different stakeholders had different

requirements. 3

Out of these requirements a software architect should define the architecture goals for the system. These
include the quality goals and the performance goals. They are different from the project goals. Architectural
goals are much longer lasting than the project ones. This is what defines a good architecture, when the

designed system is still able to be supported after years of fixing and added features.
Design structure

This task is commonly seen as the main task of the architect. The architect has to design the structure of
the whole system, making decisions about the technologies that have to be used and to document the
process steps in order to ensure that the implementation/software engineers are able to put everything into
practice as it is designed. In chapter 2.5 it will be pronounced how an architecture should be defined and

what it contains.
Create technical concepts and specifications

Another big part of a software architect’s job is to make technological decisions and to explain them with
concepts. Some concepts are valid within one block or specific area, others have to be respected through
more than one block or the whole system. This can mean a coding style that it is defined how a certain

thing must be implemented, or how a complete process works.

In these concepts or templates, it could be better for the architect, to use an example program or similar to

explain the handling.
Communicate the architecture

The communication of the architecture is the least common part of all the tasks. After the designing work,
it is important to transfer the architecture into the language of the different stakeholders and show what was
created and how it will satisfy their needs. With this information, the architecture can be revised. This

process is necessary to improve the SA. Until these meetings/presentations the architect himself is his only

11 Cf. Brown (2014), p. 32
2 Cf. Brown (2014), p. 18

'3 Cf. Starke/Hruschka (2011), p. 11
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critic. This task is also a form of marketing. It is necessary for the whole project that the stakeholders agree

with the architecture and the decisions that were made.
Support the implementation

When the developers start the implementation the work of the architect is not done, because during this
phase, he or she handles the continuity of the software and can include some of the good ideas of the

development team into the architecture (concepts or templates). '

The software architect is also involved in the quality insurances test phase, he or she has to ensure that all

the implementations fit with the definitions from the architecture.
Evaluate the architecture

To evaluate the architecture, it is necessary to create different scenarios out of the requirements and test
the architecture against it. With the results, it is possible to find the weaknesses but also the strengths within

the architecture.

It is necessary to continuously proof the architecture and rework it. These feedback loops are also visible
in Figure 2. Now it is clear what an architect has to do but what skills are the skills needed to fulfil these

tasks? This will be discussed in the following paragraphs (2.2.2).

2.2.2 Skills of a Software Architect

To accomplish the tasks, a lot of different skills are necessary. A few soft skills or personal skills are:
leadership, collaboration, coaching, responsibility, mentoring, delegation and motivation.s In this chapter

a few of the main tasks and the necessary skills will be described in more detail:
Design

As mentioned before the software architecture describes the big picture, which a software architect must
be able to see above the single code lines. He or she has to design the system in different views like
comprehensibility, performance, security and sustainability, but it is also in his responsibility to design

systems with pre-existing parts, so that the initial expense can be decreased.
Decide

During the designing phase of a system different problems must be solved, but there is more than one
solution. The software architect needs to decide between them, he or she has to contrast each solution
against each other and evaluate the benefits in order to the requirements and the goals. All the solutions
and the decision itself should be documented. This will help during the implementation when the decisions

are questioned.

* Cf. Brown (2014), p. 30
'S Cf. Brown (2014), p. 36

'6 Cf. Starke/Hruschka (2011), pp. 15-22
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Simplify

Simple concepts and drafts are also easier to implement, to test and most importantly to understand. It is
in the architect’s responsibility to find simple solutions. During the implementation it is necessary to make
code and solution reviews to increase the level of comprehensibility of the system. Every developer wants
to find the perfect solution and add some cool features, but it is important to have an objective observer to

evaluate the benefits of a certain implementation.
Implement

The best structure of a system is not enough if it is not possible to build it the planned way. The architect
must be able to implement the structures and concepts in order to be able to evaluate the benefit of it during
the realisation phase. The architect also needs to understand the code of others, otherwise it is not possible

to review and evaluate the finished software.
Document

The software architect must be able to document the architecture/system appropriately, systematically and
completely, because after a few weeks, months or years this documentation is all what is left from this
phase. It is not easy to find the balance between too much documentation and too less. Therefore, this skill

is very important and needs to be trained and promoted.
Consult
It is necessary to consult a lot of different persons and stakeholders:

e The customers: the architect knows what the customers want but is not able to evaluate cost and
benefits of his wishes and requirements.

e The project manager: he/she needs support during the scheduling of the project but doesn’t know
about the dependencies or the effort of different software parts.

e The developers: the architect is the main contact during the implementation, if anything is not clear
for them, he or she must support the team and/or improve the described concepts/ideas.

e Other stakeholders: the architect is the main contact if questions occur about the architecture and

its behavior or new requirements during the project.
Market

As mentioned before the best design is worthless if it is not understandable but it is also necessary to
communicate the architecture. The architecture has to show all stakeholders how good the found solutions
fulfil the requirements. If the architect can get some allies it will be easier to argue if some of the
compromises are under discussion. As commonly known, Success = Quality x Acceptance, which is the

reason why this skill is as important as the others to be a good architect.’”

A good architect needs to know what tasks he has, and which skills are needed for them. It is important to
have a good balance between the skills otherwise one of the tasks will be left behind. This could lead to

misunderstandings or to deficits in the architecture. But as important as to know what he has to do is to

17 Cf. Brown (2014), p. 50
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know what he/she has not to do. An architect is not a requirements manager, a developer or a project
manager. It is possible to put one person in more than one of these roles, but this should not be a permanent

state, because it will automatically lead to a conflict of interests. '8

2.3 Software Architecture vs. Software Design

Very often software architecture is equated to software design. But this is not the case, because the

software architecture is a very special part of the whole software design.

“The architecture of a system is the naming of the most significant design decisions that shape a system,
where we measure significantly by cost of change and by impact upon use. As such, all architecture is

design, but not all design is architecture.”*®

By this definition only decisions and concepts with a significant impact are part of the architecture. The
question, however, is what is significant? Exactly this decision about significance is a main task of the
software architect. It depends on what was standard and well known in the company until the start of the
project, or in the whole market sector. Every new technology or new functionality needs a few decisions

that are defining the implementation and these decisions are the significant ones.

As shown in Figure 3, the software architecture is one of the first parts within the software designing
process. In this phase the software architect is analysing the requirements and creating solution strategies

to fulfil them. These strategies consist of structures, concepts, templates (patterns) and their descriptions.

Requirements

Software Architecture

Software Design

Figure 3: Software development process and software architecture relations, source: Own illustration

So the software architecture is the base of every design that will be made for a single solution to solve a

problem. The architecture helps the developers to understand the whole system and to find better solutions

'8 Cf. Brown (2014), pp. 21-22

' Booch (2006), Online-Source [1.0ctober.2017]
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for the whole system. During this process the software architect is supporting the development team and

he has to questions some of his own decisions.20

However, the architectural process is not finished after the design phase. The main part of the creation of
an architecture takes place during the design, but the architecture has to be maintained through the whole
life cycle of a product.?!

2.4 Context of an Architecture

The software architecture should show all participants that are involved in the product, the structure and
the behavior of a system. In the initial situation there are concerns from the stakeholder, in the best case
all of them are written down as requirements. In Figure 4 the relation, in which the architectural description
is located, is outlined.

Architecture
Description
0.*
expresses
v
1.
has interests in P exhibits »
Stakeholder System Architecture
. I 0.* 0.*
[ ‘ 1.+
1 0.
System = i .
Concern ¥ situated in
1
Environment
Purpose

Figure 4: Context of architecture description, source: ISO/IEC/IEEE 42010 (2011), p. 3

The architecture description expresses one or more possible architectures. This description can exhibit one
or more systems. But it is also possible that one system will be defined in none or more than one
architecture. Every system is embedded in an environment. This environment has its own needs, these
needs and the environment itself must be documented within the architecture. Concerns or requirements
are related to different stakeholders. Every concern has a purpose. It is essential for the success of the
architecture to understand all concerns and the purposes behind them. Otherwise, it is not possible to

convince all parties from the quality of the new system and it will not be accepted.??

The different perspectives of the stakeholders will be addressed by defining different viewpoints, as outlined
in Figure 5. Those different views help to understand the architecture and how the requirements are solved

within the architecture.

20 Cf. Starke/Hruschka (2011), pp. 15-22
21 Cf. ISO/IEC/IEEE 42010 (2011), p. 8

22 Cf. Oquendo/Leite/Batista (2016), pp. 14-16
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View A
CHYS W | A4
= = “ Stakeholder A
Viewpoint A
component def SensorsMonitorCP {
s1: CTemperaturelPT
s2: CTemperaturelPT
average: CTemperatureOPT
}
System component def CommanderCP (
AL ” -
target: CTemperaturelPT
" Viewp tC @ average: CTemperaturelPT
n 3 heating: CommandOPT
Stakeholder B prInl B cooling: CommandOPT
V.

View B Stakeholder C {]/ View C

Figure 5: Stakeholder viewpoints, source: Oquendo/Leite/Batista (2016), p. 17

It is necessary to identify all the stakeholders and their concerns and requirements. The most common

ones are shown in Figure 1. Technical aspects, like the runtime behavior, also can be a reason for a new
viewpoint.23

The relations within the software architecture, explained in Figure 6, show that the architecture is more than

a simple definition of a system.

exhibits »
System-of- Architecture
Interest 1 1
1 < identifies 1
A has interests in e
1.+ 1
“identifies 1 Architecture
Stakeholder Description
Architecture
= <> i Rationale
has
A4
0.*
1.k
Comespondence Correspondence
Rule
Concern
1.
Fraria. A 4 addresses
1. 1"
Architecture govems > Architecture
Viewpoint 1 1 View
1. 1.7
1 [Py
Model Architecture
Kind Model
governs b

Figure 6: Conceptual model of an architecture description, source: ISO/IEC/IEEE 42010 (2011), p. 5

23 Cf. ISO/IEC/IEEE 42010 (2011), p. 6
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Creating an architecture means to handle stakeholders and their concerns and to show why something is

designed in the way it is, in connection to the environment, other systems or within the described system.?*

2.5 Content of an Architecture

In this chapter it will be explained which different parts of a software architecture are necessary and how

they can, on the one hand, be described, and on the other hand be linked to each other.
What makes an architecture a good architecture? - As usual, it depends.

“Software architecture involves the description of elements from which systems are built, interactions
among those elements, patterns that guide their composition, and constraints on these patterns. In general,
a particular system is defined in terms of a collection of components and interactions among those

components. Such a system may in turn be used as a (composite) element in a larger system design.”?

Source code is text. For humans, however, it is easier to understand graphics, illustrations and models. To
create an understandable architecture the visual editing of concepts and ideas is very important. Therefore,
different types of graphics can be used (more about them in chapter 2.6).26 But as important as the
illustration itself, is the description of it. People are interpreting the illustrations, so it is necessary to add
text to clarify them. Even if the illustration is clear and understandable, why this solution or structure was
chosen in the first place is not clearly visible. During the designing process, different ideas and models will
be created and only one of them finds its way into the finished architecture. As important as the chosen
solution are the not chosen ones, they should also be documented (see chapter 2.5.3) to help the developer

understand why the architecture is as it is.?’

2.5.1 Layer, Views and Boxes

“We need to represent complex systems in a way that is manageable and comprehensible by a range of
business and technical stakeholders. A widely used approach — the only successful one we have found —

is to attack the problem from different directions simultaneously”?8

As mentioned in chapter 2.1 the system will be defined as a summary of blocks, in different layers and from
different points of view, each layer describes a subsystem with its own objectives and boundaries. These
layers are shown in Figure 7. All layers together give the developer and the stakeholder a vision of what

happens where, and which part is responsible for what.

24 Cf. Oquendo/Leite/Batista (2016), p. 17

% Garlan/Shaw (1994), p. 1

% Cf. Starke/Hruschka (2011), pp. 32-34

27 Cf. ISO/IEC/IEEE 42010 (2011), pp. 16-17

28 Rozanski/Woods (2005), p. 29
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Figure 7: Layer concept of an architecture, source: Own illustration, according to Hruschka/Rupp/Starke (2009), p. 28

Each layer describes aspects of subsystems of the previous layer in more detail. This means that a block
will be designed as a black box in one layer (e.g. “System” in Figure 7, Layer 0). With this black box it is

easier to define the interfaces between this subsystem and its neighbours.

In the next layer the same block will be shown as a white box, there the composition of such a subsystem
is explained and the inner behavior can be designated (e.g. “System” in Figure 7, Layer 1). It is also possible
to build a grey box, which means that some parts of a subsystem will also be explained in detail in this
layer. A grey box should be used if the component within a subsystem is essential for the function or the

understanding.

With this type of abstraction, it is possible to build a good understandable format for the architecture. All
the problems, functions and solutions can be divided and explained step by step. This is also known as
divide and conquer (lat. divide et impera). Small problems and solutions are easier to understand and easier
to describe, which provides additional benefit for the reader. It is also possible to write each layer for a

different audience with different focus and knowledge.?®

29 Cf. Starke/Hruschka (2011), p. 26-29
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This layering helps to understand the structure of the software. But a software has more than only one
structure, these different structures can be shown in different viewpoints. In the IT there are three very

common points of view that are essential for understanding the system, they are scratched in Figure 8.3°

Building Block View Runtime View

] e

B0 | ] e

Deployment View

| TH_ |

Figure 8: Common views within an architecture, source: Own illustration, according to Hruschka/Rupp/Starke (2009), p. 30

Building Block View

This view is the core view, it describes the static structure of the software. From this point of view, it is
possible to see how the software is built, which attributes a block has and what interfaces are used between
different blocks. It is also described what responsibilities a certain block has. Each block represents a

software part. This can be a group of functions, a single function or a class with its methods.
Runtime View

In this view it is possible to see the runtime behavior of the system or a single block. The interacting of
different blocks or from the systems to the neighbour systems is definied. Standardised processes can be

mapped, and the timing can be cleared.
Deployment or Execution View

The deployment view shows the distribution of the software and hardware environments. In this view it is
clarified which part of the system is on which hardware, where this hardware is located or what software
environment is needed. This view is less important if the system is designed for a single computer or

controller.

Another very common view during designing a software is the execution view. This view describes the
details for the code in an abstract code structure. Therefore, Action Language for Foundational UML (ALF)
is frequently used. With this type of language, it is possible to create a mapping between the real source

code and the abstract model.3!

%0 Cf. Starke/Hruschka (2011), pp. 30-32

31 Cf. Oquendo/Leite/Batista (2016), pp. 21-24
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2.5.2 Blocks

To define a block a few details have to be outlined, depending on what has to be clarified. In a black box

model, other things are important compared to the white box model. The use of a white or a black box

model depends on the layer that will be defined.

Typical content of a black box

A black box should be used if only a certain behavior (e.g. interface behavior or error handlings) should be

described and it is not necessary to understand the whole block. The use of a black box is also very common

to describe the system itself. Here are a few things that should be clarified:3?

Block name: Speaking names should be used, if the given name is clear and understandable, the
description can be shorter because the functionality and the task of the block is already defined.
Purpose and responsibilities: Here should be described why this block is important for the
system, what are its tasks and responsibilities and what kind of variations are included. This part
is one of the most important ones, if this makes clear what this block does in the system or within
a white box. Here it is not necessary to write more than three to five sentences. Typical descriptions
are:

o Makes sure that... - task will be executed

o Is responsible for the execution of ... - task

o Represents a ... - purpose
Interfaces: Here all incoming and outgoing interfaces should be explained or referred. It has to
made be sure that an interface is only described once, no redundant information. It is also possible
that an interface will be passed through different layers.
Dependencies: It is possible that a block needs a defined environment to work properly. All
dependencies to other blocks or a certain behavior of the environment must be defined in this
section. For example: Is it necessary that this block is configured before the first use? Or must this
block be called in a special/defined timing environment?
Code artefacts: A block is an abstraction of a class, a function or a group of them, this means that
it is very close to the real source code. Here a few examples can be given how the block is build
(packages, classes, structures or similar) therefore a proto-source can be used. A proto-source is
like a template which should show how this block is built in the software. However, it should not
include the block itself, only a few important parts or behaviours.
Referred requirements: Each block has a purpose why it exists; theses purposes are documented
within the requirements of the system. With these references it is possible to trace a requirement
and show which requirement is the purpose for which block. The tracing of these dependencies
can also be done with some architecture tools (see chapter 3).
Tests: It should be described how a block can and should be tested. Here can be referred to unit

tests or other test cases. This increases the quality of the developed software.

%2 Cf. Starke/Hruschka (2011), pp. 35-38
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o Additional information: Everything else that is important to understand the block and its behavior,
here it is possible to add some illustrations or use cases. This should not be used instead of a white
box.

Typical content of a white box

To show more details, it is possible to switch from a black box to a white box (or a grey box) model, in which
other and more detailed information of the block is described. In addition to the definition of the black box

the following things can be added:

o Reference to a black box: To avoid redundant information it is only necessary to refer to the black
box.

e Diagrams: Show the structure of this block, e.g. class diagram, timing diagrams or other necessary
diagram types. The goal is to provide detailed information about the structure within this block and
to show which information enters and leaves (e.g. Figure 9) the block.

inputs A outputs

1
1

]

)

Figure 9: White box model and in/output information, source: Own illustration, according to Hruschka/Rupp/Starke (2009), p. 39

Al
3

e Used blocks: Table or list of used blocks, like shown in Figure 9 as black boxes. This should show
how the different blocks interact within this block.

o Dependencies and relations: This section should be used to describe the relation between the
different blocks in more detail. Here should be referred to the description of the interfaces and the
big picture, additional also to the requirements.

o References: They can refer to all things that are necessary to understand the block and to explain
why it should be built that way. There should be a reference to:

o Design decisions: Global decisions for the architecture and decisions only for this block.
o Alternative structures: All alternatives to the structure should be documented and

described why they are not used or what are their advantages and disadvantages.
With this information it is possible to determine all the details of a block. In the next chapter 2.5.3 it will be
discussed how the not-block-related information of the architecture can be defined.
2.5.3 Decisions, Concepts

Beside the documentation of the solution it is also at least as important to document other possible solutions
for the same problem and indicate also why they were not chosen. There are a few system-wide decisions

to make, e.g. why particular technology or similar has been chosen. These decisions are very important for
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the whole architecture and have to be clearly documented. There should be a list of pros and cons about

each concept.33

Every concept should refer to one or more requirements. In Figure 10 a simplified process for finding the
best solution is shown. In the first step multiple solutions have to be generated and evaluated. Only a few
of them will get concretized. Afterwards, the pros and cons for each solution have to be evaluated. At the

end, a decision will be made about which solution has the most benefits and fulfils the requirements best.

_ Design the
Requirements Architecture

Brainstorm > Evaluate . Concretize e Decide
Solution | Solution Solution
1 2 1 Solution 1
5o 1%

Solution 1

Solution
o x

Solution
x Solution x

Figure 10: Simplified decision process, source: Own illustration

This process and all the ideas should be documented and added as a part of the whole architecture. With
this documentation it is easier to understand the consequences of changes and to understand why the
architecture has been designed in the way it is.

2.5.4 Templates and Code

During the designing process it is very often necessary to check the concept and create a prototype or also
called proto-source. These code snippets are useful in the later development workflow, because they

highlight the thoughts the architect had for a solution.

The code can also be used within diagrams and drawings to show how a particular software is built and
what the common parts of the software structure are. These diagrams are often used as templates for
source code. For example, if all of the blocks need to have a special initialization behavior, it is possible to
write a small template for that and the developer can then adopt it to the needs of the class/block he or she

is developing.

2.6 UML

Due of the need to illustrate a system and its behavior for the whole project team and the stakeholders it is
good to have common language and style. In the case of software development this is the Unified Modeling

Language (UML), which is used in the field of software engineering and model-based engineering.3*

3 Cf. ISO/IEC/IEEE 42010 (2011), pp. 15-16

% Cf. Rupp/Queins (2012), p. 11
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Software engineering is the field that deals with the development, maintenance and the use of software in
general. With the use of scientific methods, business-oriented principles and state of the art technology
software engineering’s main target is to deliver high quality and sustainable software solutions and tools.
Due to the increase of complexity of the systems and the development of the object-oriented program
languages a way had to be found to illustrate those new software systems and sub systems. It was
necessary to find a way to show the structure and the relations within the system of this complex software.
UML was developed to provide those things and in the meanwhile a whole organisation is responsible to
standardize and unify the technology for model-based engineering/development. This Object Management
Group (OMG) consists of members from science, economy and big companies. The object-oriented
programming languages are state of the art when it comes to software development, but in the last decade
another sector has been moved into the spotlight, the model-driven architecture. To be ready for this aspect
as well UML was expanded with system and model related diagrams and is now known as System Modeling
Language (SysML).%

2.6.1 Diagram types

UML uses different types of models to project a model from different points of view. None of them represents
all aspects of the reality of a system/software, each diagram demonstrates just the needed characteristics
of the system to clarify the role of it within this context. The diagrams are split into two main categories, the

Structural UML diagrams and the Behavioural UML diagrams.

Diagram
[ |
Behaviour Structure
Diagram Diagram
A A
I | [ I
Activity Statle Class Component Object
Diagram Machine Diagram Diagram Diagram
Diagram
Interaction Use Case Composite Deployment Package Profile
Diagram Diagram Structure Diagram Diagram Diagram
Diagram
JA)
I [ |
Communication || Interaction Sequence Timing
Diagram Overview Diagram Diagram Notation: UML
Diagram

Figure 11: Hierarchy of UML 2.2 Diagrams, shown as a class diagram, source: Merson (2011), Online-Source [6.October.2018]

% Cf. Rupp/Queins (2012), pp. 4-7
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The most frequently used diagrams of the two categories are:6

e Class Diagram: Is a part of the structure diagrams and is used to describe classes and objects
and the static relation between them. It also shows all interfaces and parameters with their data
types.

e Component Diagram: This diagram explains the composition of a block or class. It outlines the
different components within the structure of them.

e Use Case Diagram: Expressions the system from the outside and is a part of the behavior
diagrams. It can be used to show the context in which a system is and what interactions are possible
and relevant.

e State Machine Diagram: Is an exact illustration of the states of a system. It displays predecessor
and successor which a state has. This diagram type is also a part of the behavior diagrams

¢ Timing Diagram: Visualizes the exact timing behavior of a function or a system and is one of the

behavior diagrams. It is often used when the correct timeslot is relevant for an operation.

2.6.2 Acceptance of UML

The biggest problem with UML is its acceptance. For some it is too complicated and not self-describing, for

others it is not strict and concrete enough. On the bottom line the most people are not 100% into it.

“While you can argue about whether UML offers an effective way to communicate software designs or not,

that’s often irrelevant because many teams have already thrown out UML or simply don’t know it “37.

UML is barely used in the industry. Many companies do have their own style guide for illustrations and
graphics. This is not a bad thing, but it makes the exchanging of ideas and concepts more complicated as

it would be if they would use the same language or style.
“Sometimes it really easier to use source code, than two dimensional UML diagrams”8

In the context of software architecture UML is common ground and it should be used to draw some
explanations or to show how things are related but it is not the only method to transfer that information.

Source code and other examples are also necessary to design a good architecture.

2.7 The good Software Architecture

What is a good software architecture? There is more than one answer to this question.

A good software architecture is more than just the right content, the readers must accept it. It is essential
to know how the people are educated and what they are going to understand. It is not important to use a
standard UML diagram or have a 100 % correct structure from a book, much more important is it to use

common forms within the company or for the readers. The software architecture has to be written in short

% Cf. Rupp/Queins (2012), p. 13
7 Brown (2014), p. 79

3 Starke/Hruschka (2011), p. 34
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and clear language, no unnecessary vocabulary or extra-long sentences should be used. Very often it is

better to write short and strong sentences.3®

But even if the architecture is clear and understandable there are risks for a good architecture that should

not be underestimated.

One of them is that an architecture has to be up to date. Very often an architecture is written and afterwards
only poorly updated or expanded. This leads to a document or platform that is no longer able to fulfil its
purpose. It is not possible to see which effects a change may have, or what impact the change and the new
feature has. This leads to higher costs than expected. An architecture needs to be well looked after.

Otherwise it could end as shown in Figure 12.

X

.‘,_
=

How much of the document is

up to date and relevant:

Figure 12: Up to date architecture, source: Brown (2013)

Beside the actuality of the architecture it is important that the SA is comprehensible. After a few months it
is impossible to reconstruct the reasons and decisions that were made during the desig process. To
guarantee the comprehensibility all decisions have to be documented for further use. Because a software

architecture is not just important at the start of a development, it is also needed during the whole lifecycle.

A second thing that should not be ignored is, the way the architecture matches the actual code. What if the
structure of the code is different from the architectural structure? Shouldn’t the architecture be like an

entrance point to the software?

This problem can have two main reasons. One is that the architect is not taking care of the real live software
development. The second reason is that the developers are not working according the definitions of the
architect. Both problems are a result of too less communication. As clarified in chapter 2.2, the software

architect is like a master builder, he or she has to work with the development team to create a consistent

% Cf. Brown (2014), pp. 147-148
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software product. If they are working together the architecture can fulfil its purpose and it will be the bigger

picture of the software.40

What is a good architecture? According to the previous explanations there are a few answers. A good

architecture is:

¢ An understandable one. Common terms and diagram styles should be used to provide a good
comprehensibility.4!

e Anopen one. The architecture should be easy to find and easy to use.

¢ Never finished. It should be updated if something is changed at the system.

e A bigger view of the software. It is the starting point into the whole system.

40 Cf. Brown (2014), p. 148

41 Cf. Starke/Hruschka (2011), p. 7
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3 TOOLS AND PROCESSES

This chapter will discuss the tools that can be used for a certain part within the software architecting
process. Additionally, the different types of processes and management methods, which are common in

the software development and automation industry, will be elaborated on.

3.1 Development Process

Why is the development process relevant for the software architecture? The process defines how the team
has to work with the architecture. It depends on the project itself whether a written software architecture is
necessary or not and if so, in what way. “There are two essential steps common to all computer program
developments, regardless of size or complexity. There is first an analysis step, followed secondly by a

coding step™2, as illustrated in Figure 13. This also a very common practice in small companies.

ANALYSIS

CODING

Figure 13: Implementation steps to deliver a small computer program for internal operations, source: Royce (1970), p. 328

But for bigger projects the effort for the design is much bigger and here it is relevant what process will be
used for the development. This process sets the boundaries in which the architecture has to be build and
there are different requirements on the architectural tool or toolchain. A toolchain that supports the

development process and fits into the given workflows, decreases the needed effort significantly.*3

The following two chapters outline a short description of the basic workflows and the requirements that are
referred to the architectural toolchain.

3.1.1 Classic Software Development Process

The classic software development process is a very linear process, all the things that needs to be done are

done in a sequence (see Figure 14). This type of process is also called the waterfall model.

42 Royce (1970), p. 328

43 Cf. Starke/Hruschka (2011), p. 5
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Figure 14: Waterfall model: Implementation steps to develop a large computer program for delivery to a customer, source: Royce
(1970), p. 329

The workflows are very well structured and ordered. In this type of process, the tasks and roles are very
well planned. For this type of projects, it is important that all the single steps are very well done and that
their roles and steps fit together precisely. To guarantee that requirement, all the steps have to be planned
in detail, as well as the costs, the time and the resources. That means also that if something unexpected
happens all the planning has to be redone. The steps can be abstracted to: plan, do and check, and in the
ideal case none of them has to be done more than one time. An advantage of this method is that the
designing work will be done in one phase and the architectural document can be written in this phase.

There is no need of continuous changes and adaptations.
“I believe in this concept, but the implementation described above is risky and invites failure.”*

This model is related to another common workflow, the V Model, which twisted the last tasks upwards and
has more test steps. In the V-model it is visible where the definition for the different phases are defined and

if necessary where the lack of definition occurred. In Figure 15 this relation is outlined.

4 Royce (1970), p. 329
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Figure 15: V Model, source: Naveen (2015), Online-Source [30.November.2018]

During the last two decades software engineering moved from this simple process to more agile processes.
After a lot of unfinished or badly finished projects the entire industry looked out for a better way for doing

their work.

3.1.2 Agile Software Development Processes

In 2001, 17 experts, after months of discussing and years of practice, defined the agile manifesto (see

Appendix 1)

“We are uncovering better ways of developing software by doing it and helping others do it. Through this

work we have come to value:

Individuals and interactions over processes and tools
Working software over comprehensive documentation
Customer collaboration over contract negotiation

Responding to change over following a plan
That is, while there is value in the items on the right, we value the items on the left more.”5

The manifesto set the focus on functional software and the customer satisfaction and away from complex
processes and bureaucracy. This is very often wrong interpreted with, no documentation or planning at all,
but this is not the case. The key is to find the right amount of documentation. Again, as mentioned earlier it

depends on the product. A small and easy project needs a different amount of documentation than a big

45

Beck/Beedle/Bennekum/Cockburn/Cunningham/Fowler/Grenning/Highsmith/Hunt/Jeffries/Kern/Marick/Martin/Mellor/Schwaber/Suth
erland/Thomas (2001), Online-Source [10.October.2018]
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and complex one. A good guideline could be: a functional software is the main goal, but we also net to build

the base for the next steps.*6

“Working software over comprehensive documentation is what the Manifesto for Agile Software

Development says and it’s incredible to see how many software teams have interpreted those five words

as “don’t write any documentation”4”

This manifesto inspired a few project management methods, here are some of them with a short description
of the key ideas behind them:*8

Crystal Family: The Crystal family is a set of methods. Depending on the involved persons and
the riskiness a project will be executed with a set of methods and roles. Those sets are named
after colours: Crystal Clear (small project team, low risks), Crystal Yellow (small project team,
higher risks) till Crystal Blue (big project team, high risks).

Adaptive Software Development (ASD): ASD sets the focus on short time to the customer. After
a few weeks (e.g. 4 weeks), the new software version will be evaluated if it is closer to the wishes
of the customer or not. This evaluation will be done together with the customer (or a representative
of the customer). During the programming phase three main steps will be executed: speculate,
collaborate and learn. These three steps are a variation on the plan, do, check from the waterfall
model.

Scrum: Scrum also consists of short time iterations (2 to 4 weeks), this period is called sprint.
During a sprint the team works on stories (small requirements or use cases). Each sprint will be
closed with a sprint review and if necessary, an adaption of the workflow. Throughout a sprint a
daily meeting will be performed (daily scrum). The goal of this meeting is the continuous
coordination of the project team.

Extreme Programming (XP): XP is one of the most radical methods of this group. This method
focuses almost completely on the software. The customer is a part of the project team and all the
time present to answer questions and clarify used cases. The programming will always be done in
a two-person team and the unit test of this software part has to be programmed before the
functionality. With this setup XP has its strengths in complex and not well-defined software projects,
because the customer can see how it is going to be and act if it is against his wishes. But XP is

one of the most structured methods from this list, it has clear roles and a simple workflow.

All of these methods have one thing in common: they need an agile software architecture tool or toolchain

to fulfil the agile workflows and support the development team during the realization of the system. This

agility is only possible if several persons can work on the architecture (documentation) at the same time,

this accessibility is a requirement to the architectural toolchain.

46 Cf. Hruschka/Rupp/Starke (2009), p. 3-5

47 Brown (2014), p. 144

48 Cf. Hruschka/Rupp/Starke (2009), pp. 52-83
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3.2 Requirements Management

This chapter is a short excurse to the field of requirement management, it is important because all the
decisions for an architecture are based on requirements. Within a development project it is important to
understand the why behind the how. Very often during this process the developers are focusing on small
details and technically challenging solutions and do not see the use case or the purpose behind a feature.
For that reason, it is important to have a well written requirement. But what is a well written requirement?
Are there different types of requirements? How should they be collected and managed? The requirement
management focuses on these questions and so it is a good start to show where and how a software

architecture is realized.

“A requirement specifies a capability or a quality to be satisfied. In terms of architectural requirements, they
may be related to the structure, the behavior or the properties of a software architecture must (in the case

of mandatory requirements) or should (in the case of desirable, but not mandatory requirements) satisfy.”4°

With this definition it is possible to separate two types of requirements, the functional requirements and the

quality requirements.%0

Functional requirements are requirements that describe features or a behavior, e.g. The refrigerator must
be able to cool down the products and hold the temperature constant; This requirement is a short and clear

description of the functionality of the product. Typical functional requirements are:5’

e Scope of the product and the product’s boundaries (technical and functional).
e Data which the product provides or works with.

e Functions of the product, what must the product do?

A quality requirement outlines a physical or logical property to fulfil standards or to ensure the wanted
quality, e.g. the refrigerator must be CE certifiable. This requirement does not change any function of the
product, but it changes how it must be planned and produced. The following are a few examples of quality

requirements:52

e Security which has to be provided from the product (physically and logically e.g. data security)

e Look and Feel, how it should appear, use of a corporate design

e Usability, who is the main client for the product, how should it be operated

e Performance

e Maintainability, what is the planned life cycle, how important is the product for the customers system

e Extendibility, how easy can the function be extended or changed

In Figure 16 an example requirement with possible information is shown. The content and the names of the

different parts of the requirement depend on the workflow which is used to develop the product.

4 Ogquendo/Leite/Batista (2016), p. 28
%0 Cf. Starke/Hruschka (2011), p. 52
51 Cf. Atlantic Systems Guild (2017), Online-Source [10.October.2018]

52 Cf. Atlantic Systems Guild (2017), Online-Source [10.October.2018]
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Requicement #: 79 Eequirement Type: 9 Evert/BUC/FUC#:T, 9

Descriptior: The produet shall record all the roads that have been treated

Rationale: To be able to sehedule untreated roads and highlight potential danger
Originator: Arnold Snow - Chief Engineer

Fit: Criterion: The reeorded freated roads shall agree with the drivers'road freatwent
logs and shall be up fo date within 30 winutes of the completion of

the road's freatwent
Custormer Satisfaction: 3 Customer Dissatisfaction: ¥
Dependencles: All requirements using road and Conflicts: 105
seheduling da;fa .
Supporting Materials: ork context diagram, terms
definitions in seetion § Volere
Hlbrw emm Fem ﬂ'zmu Copegriie ) Atlaric Syetara Guld

Figure 16: Requirements Shell from the Volere Template (unmodified), source: Atlantic Systems Guild (2017), Online-Source
[10.October.2018]

In the agile project management process these requirements are called stories and they use a different

naming, but all requirements have to include at least these criteria:%3

e A short and clear description of the requirement. This should clarify what is the target state. What
can the product do now or at least better do as before.

e A Reason and/or use case. The requirement will be better to understand if it is within a defined
context.

e A priority or measurement tool for the customer benefit. Very often the value of a requirement for
the customer is not clear, to the developers, during the development, which means that the
developer has no information about the impact this requirement has for the customer. The list of
requirements will also contain some wishes or nice to have features, they have to be marked and

clearly separated from the big ones.

In projects with more than a few requirements it is also important to link requirements and to make their
relation to each other clear. It is possible that one requirement is only likely to be fulfilled if another one is
already finished. This kind of relations are important to choose the right ones to start with and to prioritise

them.

If there are a lot of persons included in the development process it is essential to have a clear information
workflow. It is important to ensure that all the participants are up to date all the time during a project.
Therefore, it should be clear where to find the latest version of the definitions/requirements. In this case a
requirement management tool or something similar could help. Common ones are the Volere Template,

Rational DOORS Next Generation, Polarion from Siemens and Confluence from Atlassian.

After the product is finished it has to be validated that the product corresponds to the requirements. To
make this process easier it is helpful to enable a fraceability of the requirements in relation to the finished

parts or subsystems.5

53 Cf. Oquendo/Leite/Batista (2016), pp. 28-36

5 Cf. Starke/Hruschka (2011), pp. 100-101
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3.3 Architecture Templates and Platforms

In this chapter a few widely used possible solutions for architectural tools will be introduced. There is more
than one type of tools that can help to design an architecture. It is possible to create a software design
document using a simple text editor or a whole software package can be used to cover everything from the

requirements, to the architectural descriptions and the source code tracking features.

In this thesis, very common, two structural templates and one platform will be explained in more detail. The
benefit of using a template to design an architecture is that nothing essential will be left out but it is still

possible to adapt the template to the project’s respective the product’s special needs.

3.3.1 Arc42

Arc42 is a software architecture template. It calls itself an “effective, lean and pragmatic architecture
documentation and communication”.5® The name arc42 is a combination of architecture and the number 42

as a reference to the answer to everything from The Hitchhiker's Guide to the Galaxy.

The template is split into twelve main parts, each of them includes a short guideline and examples. These
parts are shown in Figure 17.

Context
business technical
Qualit
reqm‘::m;'m Stakeholder 5
[ Goal [ Explanation | [who? [ Goa | B - I‘jﬂ_—ﬂ
| | _.
f . s
ARCA42
Architecture documentation Building Blocks "~
1. Introduction and goals l:l:l
2. Constraints E'
3. Context Ijl I". '-.‘
4. Solution strategy L '-‘ ; :
5. Building block view — | 4 v A
6. Runtime view Y A ;
1 1
7. Deployment view | ! \ | HE
Em jﬁ o EE
~» 8. Concepts o
9. Architecture decisions ; -
10. Quality scenarios ' |
T i 11. Risks & technical debt ; SR
Security e 12. Glossary untime view
Transactions o ) | g
Sessions £/ L B M _~_-:' )
Patterns & ” u -
Deployment view

(=)

Figure 17: Arc42 structure, source: no author (2016), Online-Source [19.0ctober.2018], according to Starke (2018), Online-Source
[28.September.2018]

% Starke (2018), Online-Source [28.September.2018]
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Compared to chapter 2.5 - Content of an Architecture, a few terms are matching, others are added to give
a better overview and structure and to understand the big picture of the architecture. The main goal of the
writer of this template is to help the software development team, by answering two of the first questions

when it comes to the topic of an architecture.

“What should we document/communicate about our architecture?

How should we document/communicate?”°6

In software development projects, a lot of energy and time is spent to get the right answer to these
questions. With this template those costs can be saved, and the designing of the architecture can start with
writing the first chapters down. Usually at this point first problems or not well-defined things about the new
product will rise. This lack of definition is normal and one of the reasons why it is important to write down

the architecture is, to make all decisions clear and understandable.

This template is available in different formats and for different tools, a few of them are: HTML, Microsoft
Word™, LaTeX, Enterprise Architecture©, IBM Rhapsody®© and Confluence from Atlassian. With this width

of supported formats, it is a good choice for beginners.

3.3.2 Structurizr and its Structure Template

Structurizr is a software to generate architectural models.>” Therefore, it uses a simple programming
language that can be added to the actual source code. With this code it is possible to generate the software

structure from the program itself. This model is called C4.58

In this notation language the principal of using boxes is used to describe the structure. It knows only four
types of boxes: system, container, components and classes. In Figure 18 the relation between them is

shown.

% Starke (2018), Online-Source [28.September.2018]
57 Cf. Brown, Online-Source [21.January.2019]

58 Cf. Brown (2014), pp. 141-151
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Component

Container

Container

Component

Container

Component

Figure 18: C4 model for architectural constructs, source: Brown (2014), p. 99

The architect is adding some information layer by layer from the top to the bottom. The tool generates the

model from the bottom up. That means, the architect defines how the system should be built and if

everything is done well the tool can combine the two points of view, the view from the architect and the one

generated from the actual source. But if there are differences between the two of them the tool supports

the architect and the development team to close the gap. Beside the graphical description of the software,

the topics from Figure 19 and a decision log should be outlined within the software architecture document.

—

Context

What is this all about?

+ | ib.middietier. audit.databas:

Principles
What design and

development principles
have been adopted?

Data

What does the data model

look like and where is it
being stored?

Functional
Overview

What does the system do?

Software
Architecture

What does the big picture

look like and how is the
system structured?

Infrastructure
Architecture

What does the target
deployment
environment look like?

Quality
Attributes

Are there any significant
non-functional
requirements?

External
Interfaces

What are the external
system interfaces?

buf ., Append ("+7) ;

Deployment

What is the mapping

between software and
infrastructure?

Constraints

Are there any significant
constraints?

Code

Are there any
implementation details
you need to explain?

Operation
& Support

How will people operate
and support the system?

Figure 19: Layer of information above the code, source: Brown (2014), p. 143
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Structurizr provides all the graphics as html files, so it is easy to integrate these interactive pictures into a

website.®

3.3.3 Confluence

Confluence is a commercial wiki and content collaboration software. It is a product from Atlassian.
Confluence creates a server-based platform for different spaces (main pages). It includes a user
management integration, so it is possible to manage the accessibility of each space and also for single
pages. This is an important benefit for development projects where information is confident. It is open for
plugins from other vendors, with those plugins the instance can be customized for the company’s needs.
The seamless switch between plugins and core functionality of confluence is one of the benefits. The user

is not recognizing different tools during his work.

The focus is on usability, that is the reason the editor is very easy to use, and it is possible to format the

text like in a standard text program (e.g. Microsoft Word™).

59 Cf. Brown (2014), pp. 141-151
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4 SOFTWARE ARCHITECTURE FOR PLC SYSTEMS

The chapters above gave an overview about what is an architecture and what different tools and processes
can be used to design one. In this chapter, however, the focus turns to a specific field of software, PLC
software. Compared to classic software, like java or C#, PLC software is different. It is simpler and due to

that also more limited in the language itself.

PLCs are Microcontrollers that are specially designed for the industry. They are easy to expand, due to a
standardized interface between the CPU and its in- and output periphery. The used hardware is also very
robust compared to standard Microcontroller hardware. PLCs have their own operating system (OS) that
enables a hard real-time behavior of the program. Based on this OS, the IEC 61131-3 defines the program

languages for PLCs. The following are the languages for PLCs:

e Instruction List (IL), is a hardware near text-based language. This language is very similar to
assembler. It is often used to write high performant code.

e Ladder Diagram (LD), is a graphical language, the language is similar on a circuit diagram.

¢ Function Block Diagram (FBD), is also a graphical language, this language is based on logic blocks.

e Structured Text (ST), is a text-based language very similar to Pascal. ST is used to write complex
code that also needs a good readability. Siemens calls this language structured control language
(SCL).

In 2013 a new edition of IEC 61131-3 was released. In this version the languages were expanded with new
object-oriented keywords and functionalities. Since this release more and more PLC-vendors are updating
their systems to the expanded object-oriented programming (OOP) language set. But not all systems are

capable of these new functionalities.

4.1 Siemens PLC’s Special Needs

Siemens, one of the biggest PLC vendors, has not included the OOP functionalities into the new S7-1500
systems. Due to this reason the company SSI Schafer Automation is working with those type of PLCs,
which in this thesis will be referred to as S7-1500 PLCs. Siemens has already announced that in the
upcoming years the supported languages will be expanded with OOP functionalities. Therefore, an object-

oriented software architecture is the most sustainable decision.

To bring concepts from OOP to the current supported architecture some adjustments and definitions have
to be done. With those definitions it should be possible to build an object-oriented architecture but also
realize it with the current languages. In the next chapters a few concepts from OOP will be explained and

adaptions designed.

4.1.1 Classes and Objects

Everything is an object, in the object-oriented concept every actor is described as an object. An object is a
model of this actor, it has the relevant attributes and can executing tasks, the commands or supported

executables are called methods. Figure 20 shows a class diagram of an example class
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Class

Attribute 1
Attribute 2

Method 1
Method 2

Figure 20: Simple class, source: Own illustration

The class is like a definition or a blueprint for an object, that means that an object is an instance of a
particular class (see Figure 21). If something in the class is changed, all objects from that type will be

changed.

Class

Attribute 1 is instance of——<@ Object 1
Attribute 2

Method 1
Method 2

Figure 21: Relation between class and object, source: Own illustration

On PLGCs it is possible to generate an instance of a block, those blocks are called function blocks (FB).
Different as in OOP, the generated block is called Instance Data Block (IDB) and is only a reserved memory
within the PLC (see Figure 22). It is also not possible to implement methods in this FB. To control the

instance, it is necessary to add an interface.

Function Block

Attribute 1 ——is instance of—<@» Instance DB 8
Attribute 2

—O—- Interface

r
|
|
|
|
| <<Interface>>

‘provides— — — — — — >
P Interface_number_one

Attribute 3

Figure 22: Instance within the PLC and a provided interface, source: Own illustration

Due to the fact that interfaces - as known from other languages as methods - are not supported, an interface
in a PLC program can be realized with a static structure within the block. This definition leads to the first
definition within the naming convention, an interface should have a defined name (e.g. interface or

something shorter like if or itf). More details about these interfaces will be discussed in chapter 4.2.

But not all types of methods can be realized that way, some very popular like a constructor or getter/setter
methods need something different. It is possible to create functions for this purpose, they will be called
interface-functions and they belong to the FB. The reason why a function (FC) should be used instead of

direct access to the attributes will be explained in the next chapter.
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4.1.2 Encapsulation

In object-oriented languages it is possible to define which attributes or methods can be used/accessed from
outside the object. This guarantees that data cannot be manipulated, and it also limits the information that
is given from the object. The concept behind OOP is that every object should be able to work alone, and it
should not be necessary to know how the things are done within them. These limitations are defined via
the keywords public and private. In Figure 23 an example of a class that has two attributes and two methods,

is shown, but only one method can be used from outside the object.

Class

public Method 2

Figure 23: Encapsulation example, source: Own illustration

On the PLC there is no possibility to limit the access to the attributes. The only thing that can be done is to
set rules for accessing object-data from other parts of the software. One of them are the previous defined
interface structures, to enable the possibility of controlling and read the status of a block. But there are a
few attributes that need to be accessed during some situations e.g. during initialization. To add a possibility

for that, a function can be used as shown in Figure 24.

Function Block

<<Interface>> Attribute 1 |—is instance of<@} Instance DB O
| of b Attribute 2
nterface_number_one |« _oyides - (O—F interface ZF
Attribute 3

Interface Function 1

I_ATTRIBUTE_1

10_IDB Y I

Interface Function 2 is connected

|_ATTRIBUTE_2 I

10_IDB I G — I

Figure 24: Use of an interface and interface functions, source: Own illustration

With those interface functions it is possible to limit the writeable attributes. It is also possible within those
functions to check some incoming information like ranges and limits. To separate those functions from

others they have to get a special mark, this can be done with a pre or a post fix or the function naming itself.
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4.1.3 Inheritance and Polymorphism

Another functionality within OOP is the inheritance. This means that a class can be can be derived from
another class. This new class, so called child class, inherits all the attributes and methods from its parent
class. Attributes and new methods can be added to the child class. With this functionality it is possible to
build systems that could be described as a class-hierarchy. If something will be added in one of the
predecessors or parents is automatically added to the child classes. In Figure 25 this behavior is shown for
Attribute 1 and Attribute 2; Attribute 3, however, only exists in the child class Class A*.

Class A

Attribute 1
Attribute 2
Method 1
Method 2

Class A*

Attribute 3

Method 2

Figure 25: Example of inheritance and polymorphism, source: Own illustration

With this relation another mechanism is possible, which is called polymorphism. This means that an
attribute or method can be derived according to the new class’s special needs. Method 2 in Figure 25 is an
example, therefore. The parent class already has a Method 2, but the child Class A needs an adjustment

to fulfil its purpose. For the user it is still Method 2, but it is another method than in the parent class.

This behavior is not possible on the PLC. A very limited inheritance functionality can be implemented by

building sub-functions within a block. The following use cases are possible:

In module A, a sub-module B is used, the module also has a defined functionality (Figure 26).

A

Functionality

Figure 26: Module A with sub-module B, source: Own illustration

The first use case can be seen in Figure 27. A new module C with the same functionality as A should be

created, but instead of B, D should be used as a sub-module. In this case it could be helpful to build a new
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module E with the functionality of A in it. This module can also be used in C. The benefit is that the

functionality is only implemented once and if something has to be added it only needs to be done once.

A C
B D
E E
Functionality Functionality

Figure 27: Same functionality, new sub-module, source: Own illustration

A second use case could be, when a new module F should be built with an extended functionality. It should
also use sub-module B. Therefore, a copy of E has to be made and the adjustments implemented into G.

This workflow is illustrated in Figure 28.

A F
B B
E G
Functionality new Functionality

Figure 28: New functionality, same sub-module, source: Own illustration

These two use cases are different from the full functionality of polymorphism and inheritance, but they are
the only cases that can be built on a PLC. From outside A, C and F looking slightly the same but due to the
additional modules they are easier to maintain. All these definitions lead to a model of an object that can

be created within the limitations of a PLC.
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4.2 The PLC-Object Model

This chapter will sum up the definitions from chapter 4.1, within an object model that builds the base for the

architectural design in chapter 5.

At first a way has to be found to combine FBs and FCs to a group, so that the object FB and the additional
interface FCs can be handled as one. Due to the fact that there is no possibility of using packages or
namespaces in the PLC, the only way is to use the block name and to define naming convention for the
block names that provide all the needed information. To differ the objects main FB from its FCs a postfix
_IF has to be added to the interface functions name. To separate FCs from FBs within the diagrams,
different colours will be used for each type. These definitions are shown in Figure 29. A unique property of
interface functions is that they use their parent block as interface structure. This can also be seen in Figure
29.

modelOne

Attribute 1: Bool
Attribute 2: Bool
O | Interface: Interface_type_structure

modelOne_attrl_if

|_ATTRIBUTE_1: Bool
10_IDB: modelOne __C _

—_—_———ee e — 0 —

Figure 29: Example of a FB and it's interface FC, source: Own illustration

A benefit of a PLC block is the possibility of defining In/Out/InOut Interfaces of a FB or FC. This functionality
should be also provided in the PLC-object model that will be defined. In- and Out-interfaces are an interface
that uses call by value for basic datatypes and call by reference when combined datatypes are used. Even
if the In-interface is a call by reference, the compiler gives out a warning when there will be a writing
statement within the source code. The idea is to use the In-interface values as read-only and the Out-
interface values as write-only. The InOut-interface is always call by reference, as the name defines. Values

from type InOut-interface can be used with read and write access.

The InOut-interface can be used as an interface connector that needs a special type, with this definition it
is possible to provide interfaces via the static values and use interfaces as a reference, those interface
types are outlined in Figure 30. An interface structure consists of at least two sub-structures, state and

control.

37



Software Architecture for PLC systems

uses an interface B‘

|_Val_1: Bool
\ O_Val_2:Int
)+ 10_Val_3: Bool
provides an interface
Attribute 1: Bool
Attribute 2: Bool
- Interface: Interface_type_structure

Figure 30: Example of a block with In-, Out- and InOut interfaces, source: Own illustration

All these definitions lead to the model of a PLC-object, shown in Figure 31. In this illustration an interface

that provides some control instructions and information about the current state with a state structure can

be seen. Further it is possible to adjust the value Attribute 1 via an interface function.

uses an other interface %

\

I<<}-provides — —O—

>_

<<Interface>>

model_itf st

I_Val_1: Bool

O_Val_2:Int

L 10_Val_3: other_itf_st

Attribute 1: Bool
Attribute 2: Bool
- Interface: model_itf_st

control: model_itf_control_st
state: model_itf_state_st

modelOne_attrl_if: int

|_ATTRIBUTE_1: Bool

c
—_—_——ee e e e e D ————— — —

I0_IDB: modelOne

Figure 31: Model of a PLC-object, source: Own illustration

-

For a better understanding the use of sub-modules are not shown in this example, they can be seen in

chapter 6.1.1.
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5 SOFTWARE ARCHITECTURE TOOLCHAIN

SSI Schafer Automation is using Confluence as their knowledge management system, which is the reason
why this system was set from the beginning to explain the software architecture and to document the

designing process.

As a base structure for the structure of the software design arc42 is used. Some minor adaptions are made
to fit better into the common wordings of the company. In Figure 32 a comparison between the arc42 model

and the applied model is shown.

~ Architecture

» 1. Introduction and Goals
. Introduction and Goals _ _
CArchitecture Constraints

M

. Constraints
. Context 3. Context and Scope

. Solution Strategy 4_Solution Strategy

. Building Block View

. Runtime View

~N OO O B W N =

. Deployment View

8. Concepts

9. Architecture Decitions

10. Quallty Scenarios * 9_Architecture Decisions

11. Risks / Technical debt

12. Glossary 11. Risks and Technical Debt

12. Glossary
Figure 32: Comparison arc42 (left) and SSI architecture structure (right), source: Own illustration

The deployment view is completely removed from the defined environment of the system. A new section 8
is added instead, it is called How To and should show how some concepts and core functions should be

used.

To draw the diagrams and illustration the DrawlO is used. This program is also available as a plugin for
Confluence. With this plugin it is possible to create all the drawings within the browser and it is automatically
version controlled. Another benefit of DrawlO is possibility to create drawings out of an XML or JSON file.
This feature can be used to generate class and component diagrams from the original source code

automatically.

5.1 Software Documentation

According to the ideas behind Structurizr (see chapter 3.3.2) the decision is to add a dynamic part to the
software architecture. The architecture defines the software and its structure up to a certain point, from

which the focus changes and the architecture will turn into a generatable software documentation.

This software documentation uses the ability of DrawlO to generate class diagrams and connect them like

it is done within the software. New sites will be generated from the source code and they are linked between
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each other according to their dependencies from the source code. These generated pages are within a

section of the architecture documentation (Figure 32) Block Definitions.

Seiten /... /51.1.851.DC of @

SSI_DC_Sensor

Erstellt von Johannes Hirtler, zuletzt geandert von Stephan Rothschaed vor Kurzem

# Bearbeiten

Bibliothek: SS1
Familie: DC

Typ: Standard Block

Short Description

This block is used o acquire and evaluate a 1-bit Sensor.
Over the hs.control structure it's possible o initialize, quit. release
the delay and release the message evaluation
In the hs state structure the original signal, the edges and delays are
provided
Over the hs.setup structure follwing setups are possible
- auto_quit (automatic quit when the sensor is free)
- sensor_free_quit (quit is possible only if the sensor is free)
- parameter_group (in which the sensor should be displayed in the CPM Tool)
- message (setup for the message of the sensor)

- id (message is for the assigned sensor)

- class (message class for the assigned sensor)

- position (pesition of the sensor for the message)
If the trace of the associated node is enabled the edges and the delayed
edges will be logged
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Figure 33: Compare source code with software documentation, source: Own illustration

The software documentation will also be released with the software, this workflow makes sure that there

are no inconsistencies between the software documentation and the actual software.

5.2 Guidelines

To guarantee a constant high level of code quality a coding style guide and quality guidelines are defined.

In the coding style guide is explained, what the naming conventions are and how things should be used. It

is defined for what purpose the different interface types of a block (In, Out and InOut) should be used (see

chapter 4.2). It is also defined how the software should be structured and how it should be commented. In

Figure 34 a code example of such a rule is shown.
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Mame Data type Detault value Retain

* Input

= wvelociey Resl 0.0 Worretsin
b Output

b Indut

« Static

L statvelocity Real Monretain
]

-

L]

Termp
Constant
MAX_VELOTITY real 100

gggcapppe

#statVelocity := 8.8; // Correct; assignment with default value of data type (8.8)

// Correct --» working with constants

IF ABS(#velocity) < #MAX_VELOCITY THEN
#statVelocity := #velocity;

ELSIF #velocity < @ THEN

#statVelocity := -1.8 * #MAX VELOCITY;
ELSE

#statVelocity := #MAX_VELOCITY;
END_IF;

//Wrong --> Working with numerical values

IF ABS(#velocity) < 18.8 THEN
#statVelocity := #velocity;

ELSIF #velocity < @ THEN

#statVelocity := -18.8;
ELSE

#statvelocity := 18.8;
END_IF;

Figure 34: Example of a rule within the coding style guide, source: Architecture Documentation (2018)

This example points out that constants have to be used instead of constant numbers or other hard coded

information. These rules are documented with source code fragments.

Within the quality guidelines the requirements of the company, referring to the quality of the source code,
are defined. For example, it is specified that every block must have a header where the functionalities and

other defined things are described, see Figure 35.

Good Structure Bad Structure

TYPE "EM_Config ST"
VERSION : 8.1

STRUCT
// @Author: Mickey Mouse need_ramplUp : Bool;

gRelease version: [generated release version number] END_STRUCT;
- - S S END_TYPE

// @Functionality
// Detailed description of the functionality of this block
STRUCT
need_rampUp : Bool; //this electrical module needs a rampUp
END_STRUCT;
END_TYPE

Figure 35: Example quality guideline, source: Architecture Documentation (2018)

Due to the fact that software architecture, software documentation and guidelines are on one platform it is

easier to link them and to make sure that all of them are up to date.
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6 ARCHITECTURE FOR CONVEYOR SYSTEMS

The following chapter consists of two main parts. The first of these deals with the overall requirements and
explain the structure of the system as well as includes global architectural decisions. The second part

contains of two examples and their concrete requirements.

The separation into these two parts is explained in Figure 36. The whole architectural process can be seen
as a decision tree. The basic decisions will be explained in chapter 6.1. The goal is to give an overview of
the whole structure and explain a certain decisions in detail. The next two chapters 6.2 (Sensor) and 6.3
(Technical Area) outline a detailed architectural designing process and the decision making during that

phase.

Basic architecture

Every decision
leads to further
decisions

_____
_——
-
_——
L
s
-
-
_____

Every Node
Expresses one
decision

LY
Detailed Hrcritecture/ (g é)

Sensor ,

Technical Area

Figure 36: Architectural decision tree with highlighted chapter topics, source: Own illustration

6.1 Basic Software Architecture

This section aims at giving an overview about the general software structure. It outlines the two basic
requirements and explains why some basic decisions have been made. The first on is the modularity, it is
necessary to change parts or add new ones in the future. If the software is well structured and every part
interacts via defined interfaces, it is easier to change or expand them. The second on is the sustainability.
Due to the fact that in the past, the PLC development was always seen as a part of the product and not as
one software in different variations there is no common architecture or even wording between different
products. One main goal of this software architecture is to cover all products of SSI Schafer Automation.

The second

Conveyor systems are not built from the scratch every time a new plant is planned. There are predefined
planning units, those units are called Elements. Elements describe the used physical and logical
components. In Figure 37 such a unit is shown. This example consists of four positions, each of them is

driven by a motorized roller and has an occupation sensor.
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Figure 37: lllustration of motorized roller conveyor, source: Architecture Documentation (2018)

In the next chapters there will be explained how the electro-mechanical construct will influence the software

architecture and how these Elements will be configurated.

6.1.1 Modularity

The first requirement is that the software should have a clear structure that indicates the various software

elements. Each of these parts has its own purpose and tasks.

Each automation system (e.g. a machines or conveyor systems) has two main software parts. The first is
responsible that the mechanical parts can move correctly, and that the system is able to do its work. This
is called the automatic part. The second, non-automatic, part is for the correct timing and the control over

the automatic part.

The automatic part can be taken apart like the actual mechanic behind the machine, which is shown in
Figure 38. A physical machine is built out of thousands of components like screws, profiles, sensors and
motors. For the software, only components are relevant that are used within the software. The first group
within this software part is called Component. These components are combined to smaller working units in
order to support a modular construction of the machine. For example, a pneumatic axis consists of one
actuator and two sensors. These units can also be represented within the software and will be called
Modules, which can be combined to a construct that fulfils a defined purpose, like a stacker or a lift. This
construct is named Element. A machine can be seen as one software element consisting of modules and

components.
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Figure 38: Umbrella terms of the mechanical part, source: Own illustration

The three categories, as shown in Figure 38, will be separated in more detailed groups in Figure 39. The

groups are necessary to sort the components in more detail and also to define interfaces for each group

that can be provided from blocks within those groups.

«Components
Data Collection
(DC)

«Components
Motion Controller

(MC)

«Compenents
Electrical Component

aModules
Movement Module
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aModules
Position Module
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«Modulexs
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(EM)
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Typical
(TPL)
Automatic Blocks
Extends E
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Part of ] Machine
Extends™ | (MAC)
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| Extends
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Extends
Extend:
| — e Module g
E «Elements
Extends Cabinet
(CAB)
Extends Extends Extends

«Elements
Addon
(ADD)

Figure 39: Families of the automatic blocks, source: Own illustration

A slightly different mechanism has to be applied to the logical part of the software, the non-automatic blocks

as outlined in Figure 40. For those blocks it is better to separate different tasks or task-groups to get the

different categories. One example thereof is the Human Machine Interface (HMI), which is responsible for

turning a machine on and off, for the indication of faults and for all other interaction between the user and

the machine. Another category is the connection to the host system, the Telecommunication (TC). In order

for the machine to be able to store a queue of instruction a Data Management system is necessary.
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Coordinators Telecommunication
(CO) (TC)
E Logical Area
Data Management (LA)
(DM)
\ Part of Part of
Part of X] J Part of
General System \/\ / Technical Area
(GS) T Parof Pator— | (TA)
E— Non-Automatic Blocks <:}_'_._._.
E /F’ad [{,/V Part of\\
Human Machine Interface ) E
(HMI) Tool Functions
(TL)

Figure 40: Software categories of the logical part, source: Own illustration

Logical and technical areas are groups of Element instances that are either logically (e.g. for manual mode)

or physically grouped (e.g. dependent on the same electrical fuse, see also 6.3).

The next iteration, as shown in Figure 41, is the last one before the real software objects start. These

categories are called families and some sub-families called groups were added
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Figure 41: Families and groups, source: Own illustration

All these iterations can be described with their tasks, responsibilities and interfaces. This description helps

to understand the architecture and how the system is composed. With this family-structure it is possible to

reuse some of the blocks or whole families. This leads to a common source across different products and

brings the benefit that adding some features can be done only once and not for each system.
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6.1.2 Sustainability

The reuse of the code leads to the problem for a PLC system it is not possible (or only in a very limited

scope) to build libraries or namespaces. A solution for this is again the naming of the blocks/PLC-objects.

All the products are categorized into product groups, which build a hierarchy. The following example shows

this behavior:

e Products

o Conveyor Systems (CS)
= Pallet Conveyor System (PAL)
= Bin Conveyor System (BIN)
= Overhead Conveyor System (OCS)

o Storage Retrieval Machines (SRM)
= Pallet SRM (Product name at SSI Schéfer is Exyz)
= Bin/Case SRM (Product name at SSI Schéafer is SMC)

The same hierarchy can be realized with libraries. The first one includes all the common parts of all
products. This library is called Core-Library or SSI-Library. The next library includes all the common
software parts of the different product groups. And the third layer is the product specific library. This means
that every family can exist in any library, but the library defines the validity of a block. Because of the
membership of a block to a library, the access to other libraries is restricted. This concept is illustrated in
Figure 42.

Core Fantmra\ies_l

Legend

§SI-Core Library
(881

Library

Extends Extends

Product Groups _.|

Conveyor System
(CS)
<)

& AN

Storage Retrieval Machines

(SRM)

Products |

Extends Extends Extends

/ Extends
Extends \ Extends
Pallet Crane
Bin Conveyor Systems ] Schéfer Tray System (Exyz)
(BIN) (STS)
Overhead Conveyor System
(0CS)

Pallet Conveyor Systems
(PAL)

Figure 42: Library dependencies, source: Own illustration

Schafer Miniload Crane
(SMC)
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Further it is shown in Figure 42 which library is allowed to use things of another library. A cross-using
between two product groups is forbidden, because the functionalities are optimized for each group. If

something is so global that it can be used everywhere and should be a member of the core library.

6.1.3 Model Building

This chapter defines and outlines the different objects and their relation. As an entrance point to the whole

architecture Figure 43 shows how the automatic part of a system is defined.

«Elements g
Cabinet

1. (CAB)

«Elements
Typical
0.7 (TPL)

&conveyor systems
Plant

«Elements {I
Machine

0.* (MAC)

Figure 43: Composition of the automatic part of the system, source: Own illustration

The system is called Plant. A plant could be seen as a class and the instance of it gets its own name like
CO01 or FA1.

A cabinet (CAB) is an element that represents a physical cabinet and as its physical twin it consists of a
combination of components, this can be seen in Figure 44. Additional to its physical counterpart, it also
includes some logical blocks. A CAB can be responsible for the operation mode of a set of Elements, this
is called logical area (LA). It further consists of electrical components (EC) like fuses or contactors, these
electrical components are also related to a set of Elements. If an EC does evaluate a fault, it has to turn off
all affected Elements (in this case an Element is not allowed to generate a fault message, it sets itself to

technically inactive).

2]

sModules
Element Module

«Components
Data Collection
(DC)

2]

zElements
Cabinet
(CAB)

2]

Technical Area
1.4 (TA)

«Components
Electrical Component

2]

Logical Area
Q- (LA)

Figure 44: Composition of a cabinet (CAB), own illustration
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The element module (EM) is responsible for holding all the different modules and components together. It
defines the actual mode (e.g. automatic or manual) and it is responsible to combine the states of all sub-
blocks together for other software parts. An EM also evaluates some element wide signals like an
emergency stop button. Such a button is implemented as a data collection component (DC). But the EM

never controls any actuator (this can also be seen in Figure 45).

The second Element-type are the Typicals (TPL). The inner composition of a TPL is outlined in Figure 45.
This illustration shows which module types and which types of components can be used by which module
type and by the Typical itself. Every TPL exist of exactly one EM and at least one position module (PM).

This means that a Typical has at least one position to control.

2] 2] g ]

<Modules «Compenents '
Element Module Electrical Component ~ ——— Techr}lﬁ::)l Area
! (EM) 1 0.0 (EC) 1 1.

Al

«Elements «Modules «Components
Typical Position Module Data Collection
(TPL) 1 (PM) (DC)

aComponents
Motion Controller

«Modulez
Movement Module
0.4 (MM) 1

Figure 45: Composition of a Typical (TPL), source: Own illustration

In Figure 45 also a particular behavior of the modules is illustrated. It is possible that a module uses another

module to perform its tasks. Here is this relation between a PM and a movement module (MM) illustrated.

Beside the logical relations between the blocks, an important aspect is how they are structured within the

software. In Figure 46 an example of a Typical and the way the blocks are nested into each other is shown.
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Figure 46: Structure of a Typical, with its modules and components, source: Own illustration

This example shows a Typical with two different PMs one of them includes an MM. There is also a significant
difference between a PM and a MM visible. A PM does have an additional controller (CT). During the design
process a MM has lost its controller due to the fact that it has to be so strongly connected to its components
that a change of them would also lead to a change of the controller part. So, in this case the controller layer

is no longer necessary.

The whole structure will be in one IDB within the PLC program. That means that all the data from one
Element are stored within this IDB. If for some reasons the Typical of this instance has to be changed all

the data getting adjusted automatically.

In Figure 47 it is outlined that all interfaces of the blocks are getting used at the level where they appear to
be or are forwarded to the next one. This leads to a kind of inheritance. With this definition a Typical only
inherits interfaces that have to be served from other software parts or the actual hardware signals (in-
/outputs).
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Figure 47: Structure and example interface inheritance, source: Own illustration

In this specific example the input signal for the sensor passes two other blocks till it can get connected to

the real hardware input. This is the same for the drove on signal from the MC. Further it is shown that the

controller only interacts with the components via interfaces.

6.1.4 Architectural decisions

This chapter is outlining some decisions that have been made during the design process of the architecture.
All these decisions are documented in Confluence as well to provide this information for all the developers.

The question, its possible solutions as well as the final decision are written down. Figure 48 shows an

example of such a decision, written in form of a decision-log.
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Decision

Status

Lead

Decision  Init will be made via global DB

Owner

Background

We had two ideas, one via a global DB and one via a structure within the typical.
Here are the reasons for the decision:

« concept 2 requires a additional interface

« concept 2 was never descripted in detail, so the participants were not able to evaluate this concept
« concept 1 is able to handle all the planned features

« after 3 weeks we still got no detailed concept 2

Next Steps:
v will imple t a prototype handling into the existing modules/components and typicals, this will be released till = 04.05.2018
o update diagram

Figure 48: Example Decision-Log with greyed out names, source: Architecture Documentation (2018)

A few fundamental decisions will be outlined here for a better understanding of the next chapters.
Naming

In the last chapters a lot of things were defined as relevant for the naming of a block. Here is a short

summery of them:

Type: Defines if the block is a PLC-object or an interface function (see The PLC-Object Model).
Additional to that a separation of DB, IDB and structures is necessary, because they are all
treated the same way in the Siemens environment. But it is necessary to separate them. These

are the types that are defined:

e IDB instance data block
e DB data block

o ST structure

e IF interface function

e CT controller (this is the functionality part from the example in chapter 4.1.3)
These types will be used as a postfix/suffix. No Suffix means this is a PLC-object
Library:  Defines the validity of a block.
Family: Defines its working topic.
Group: This is like a sub-topic for better subdivision. This part is optional.
The whole name will be built like that:

[Library]_[Family]_[Group]_[Block Name]_[Type]
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Here are a few examples:

e SSI DC_Sensor: Sensor Block within the SSI Library, DC stands for data collection and is a
member of the components.

e BIN_PM_Diverter_SetName_IF: This is an interface function to set the name of the diverter block.
In this example Diverter is a group. PM stands for position module.

e CS_DM_TO_DB: This a DB with transport orders (TO) and is valid within all conveyor systems.

Conveying systems are built of instances of Elements. These instances, which get unique names as well
as a specific number assigned to them during the realization process, are called function points (FPs). At
the bin conveying system, a function point is a construct of a few positions. There are predefined, typical
arrangements of different position types, in the software called position modules (PM), that are called
Typicals (TPL).

Version Control

In modern software development the topic version control is a must have. Very common version control
systems (VCS) are: Git, SVN and the CVS. Without such a system it is not correct to talk about sustainable
solutions, because it is not possible to get previous versions or to document some changes accurately. SSI
Schéfer is using Git as their VCS.

Siemens, with its Development Environment System TIA-Portal does not support any of those systems.
TIA-Portal is storing all the sources within a database and not as files, this made the solving process even
harder. It was necessary to find a way to export and import external source-files into TIA Portal. After years
of pressure Siemens decided to open some TIA-Portal functions via an application programming interface
(API) in 2014. The API, called Openness was released with version V13 SP1. Via this APl it is possible to
interact with the TIA Portal project. Since than it is possible to export and import source code and since the

last version also the hardware configuration.

SSI Schafer uses Eclipse as its integrated development environment (IDE). A plugin for Eclipse, which is
using that API, was developed and because Eclipse already has a Git-Interface, it is now possible to version
control PLC source code. Eclipse will be also used as a code generator and file exporter for all the SSI PLC

developers in the near future. (see chapter 7.2)
Programming Language

As mentioned earlier in chapter 4.1 there is more than one programming language for PLCs. Each of them
has its specific advantages. A goal of this architecture is it to define, what language will be used for which

purpose and where in the software.

On the new Platform S7-1500, Siemens only emulates IL (also called AWL), this means that the language
is no longer an option because of its significantly weaker performance compared to the other languages.

SSI Schéfer currently using LD and SCL, LD for Boolean operations and SCL for all other tasks.

Due of the complexity and modularity of the software architecture there are less Boolean operations and
more use of structures and sub-functions. At this topic LD has a more or less equal usability compared to
SCL. During the export of TIA-Portal a LD is transformed to an XML file, SCL stays a text file. That means

that SCL files are human readable outside of TIA-Portal, which is a big advantage for SCL and the reason
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for the decision to write all the standard source (source code within the libraries) in SCL. Only the generated
blocks at user-level will be in LD.

Multitasking

Real multitasking is not possible on Siemens PLCs. What is possible, however, is to use more than one
organisation block (OB) and set a fixed cycle-time. This behavior can be seen in Figure 49. The main OB

(OB1) gets interrupted from other OBs. This means that some software parts already have been executed
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Figure 49: Using interrupt OBs, source: Own illustration

The use of the timing OBs is recommended if a defined timing behavior is needed, like positioning
operations. For the rest of the program it is irrelevant if it is called within an interrupt OB or not. Due to the
current definitions (Element uses modules and modules use components) it is not possible to outsource
one of these layers. If something like that is necessary, the same block has to be called multiple times in
different OBs and it has to know where it is currently called. But this still leads to a higher complexity and a
few more definitions about the synchronization between those parts within a block. Because the timing
behavior is not necessary for the topic of this thesis, from here on blocks will be handled as only called

once, within the main program (OB1).
Preferences of software blocks

During a project realization a few things needs to be adjusted. There are different use cases why these

adjustments have to be done.

e Configuration: Will be generated during the plant configuration (tool based). This type of

preferences is not changeable during the operation of the system. A change of one of the

54



Architecture for Conveyor systems

configuration values have to be done in the project configuration tool and leads to a re-compile of
the whole software.

e Setup: The superior software part is adjusting a block that it is working as needed. A block is able
to operate in different modes or with a slightly different functionality. The usage of the block defines
how it should behave. This type of preferences is getting its adjustments from the software itself.

e Parameter: This type of preferences can be changed, during operation, by the user or in special
cases also by the customer. These parameters can be changed via a website and do not need

programming knowledge.

6.1.5 Runtime views

The runtime views are descriptions about the timing behavior of the software and its call hierarchy. The

diagrams are not complete, they should support the understanding of the software architecture.

The first diagram deals with the calling hierarchy, in Figure 50 it is visible how everything is called from the
main program (OB1). It is also shown that the element calls are separated into two groups, cabinets (CAB)

and function points (FP).
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Figure 50: Sequence diagram of the main program, source: Own illustration
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The inner call-hierarchy of a Typical can be seen the second diagram, in Figure 51. The difference here is

that all the called modules and components are within the same instance.
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Figure 51: Sequence diagram of a typical with two positions, source: Own illustration

Within a position module (PM) it is shown that the DCs are called right before the CT, the actual module

program, this provides that the CT is always working with up to date data. Right after the CT, all the MCs

are called to execute the movements from the controller.

With this description of the call hierarchy and the other chapters the basic structure is defined. In the next

chapters there are a few examples of typical use cases and requirements within a conveyor system. These

chapters will close the architectural process and go one step further in the direction of a detailed software

design.
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6.2 Implementation of a Sensor

This example deals with a simple 1-bit sensor. It shows how the previous definitions are applied and which
difficulties have to be considered. In this level of the architecture (see Figure 36) the decisions and design
definitions are very detailed and should help to understand the complexity of such a process. The sensor
is a very simple component, which does not need complex In/Out/InOut interfaces. This is the reason why

this component was chosen to show how a component is designed.

6.2.1 Requirement

The requirements (REQ) are a combination of sensor specific and general component requirements. This

concept should be used for all 1-bit Sensors e.g. light barriers or inductive sensors.
REQ-SEN-01: The sensor has to be adjustable for different use cases:

o Different sensor activity (normally open, normally closed)

o Different message classes

REQ-SEN-02: The sensor is responsible for message evaluation and for the resulting message that has

to be set up.

e The message has to be adjustable

e The sensor must provide the possibility to release and stop the message time

REQ-SEN-03: All sensors should provide a possibility to change their message acknowledge behavior.
Due to the physical location of the sensor it is necessary that the sensor is free to enable
the acknowledgment or not. It should be also possible to make the sensor self-

acknowledgeable.
REQ-SEN-04: The sensor should add his symbolic name in the message
REQ-SEN-05: Not existing sensors should use as less cycle-time as possible

REQ-SEN-06: The sensor should have the possibility to delay its signal (TON and TOF). These delays

should also be stoppable (freeze).
REQ-SEN-07: The sensor should provide the original signal, the delayed and the edges of both.
REQ-SEN-08: If log-level is on frace, the sensor should write all edges into the log file
REQ-SEN-09: It is not clear which hardware interfaces will be used in the future, the sensor should be
able to be changed or modified easily if necessary.
6.2.2 Design decisions

During the design process a few things need to be defined, this susection should show the designing

process and how the decisions are made.
Component vs Template

The first question that has to be answered is how the sensor should be represented in the new software.

There are several ways to implement all those requirements, one is as a PLC-object, a second one is that
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a sensor will be implemented right the way it is used in each module. To decide between those ideas, both
need to be explained in a short introduction. After that a list of advantages and disadvantages of the two

concepts should show the sweet spot of the ideas and support the decision making.

The first idea is that the sensor will be realized as a component, it uses a defined interface to interact with
the rest of the software. During the initialization phase the sensor have to be set up as the module or
superior software part needs the sensor to act. In Table 1 the benefits and the disadvantages of this solution

are outlined.

Pros Cons

- Easyto maintain, fixes and new features canbe | - Big overhead for the most sensors, not all

implemented very easily and quickly. sensors need all options.

- [Easy to implement adding a sensor is very | - High memory use, due to the different options.
easy, because it can be done using a drag and
drop surface.

- Clear structure within a module.

- Parameters will be shown directly at the
component.

- Capsulated interface, this simplifies the change
if a sensor is used with a different hardware

interface (REQ-SEN-09).

Table 1: Pro/Con list, sensor as a component, source: Own illustration

The second idea is to provide a sensor as a template and the developer decides which parts of this template

are necessary for the sensor’s purpose in the superior software. The pros and cons are listed in Table 2.

Pros

Cons

The sensor does exactly what the developer
wants it to do.

It is also possible to restrict the possible
parameters and to simplify the start-up phase.
The change of a particular sensor is easy and

does not affects all sensors.

New features require a lot of work because they
have to be done for each sensor (high risk of
copy paste faults).

Quality and features depend on the developer
(quality issue possible).

High use of code memory.

The use of a new hardware interface for the
sensor signal, mean changing the whole

software.

Table 2: Pro/Con list, sensor as a template, source: Own illustration

A global requirement to this software architecture is that all SSI products should act in the same way. This
requirement and the high number of sustainable pros in Table 1 leads to the decision that the sensor should

be realized as a component.
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Preferences of the sensor component

Due to the requirements of REQ-SEN-01, REQ-SEN-02, REQ-SEN-03 and REQ-SEN-06 a few things need

to be implemented that they can be changed during the sensor component is in operation and the system

is running. The architecture provides several ways to enable such a behavior (see 6.1.4). Not all the

requirements fit into the same preference type. It is important to classify the different preference-values and

evaluate which preference type should be used. This classification is shown in Table 3.

No

Source Req.

Name

Adjustment Use Cases

1

REQ-SEN-01

sensor_activity

- Use of different sensor types (e.g. light barrier,
inductive proximity switch)

- Change of the sensor with a wrong type

REQ-SEN-01

message_class

- Different use of a sensor component, e.g. a gap
sensor at a lift, needs to be fault but a sensor for

the printer paper is just a message

REQ-SEN-02

message

- Different use of a sensor component, the same
block should set up different messages
depending on the functionality. (e.g. occupation

Sensor or gap sensor)

REQ-SEN-02

release_message

- Different use of a sensor component, only the
superior block knows the condition in which the
sensor should evaluate its state and, if

necessary, set up a message.

REQ-SEN-03

sensor_signal_for_message

- Different use of a sensor component, only the
superior block knows if the sensor needs to be

free or interrupted to set up a message

REQ-SEN-03

auto_quit

- Different use of a sensor component, only the
superior block knows if the evaluated message

can be acknowledged automatically or not

REQ-SEN-03

quit_free

- Different use of a sensor component, only the
superior block knows if the sensor has to be back
in its original state or not do be allowed to

acknowledge the message

REQ-SEN-06

ton-/tof_time

- Due to the physical position of the sensor there is
a possibility that the sensor signal has to be
delayed (on or off).

- The used transport units (TU) does also have a

different behavior, this makes an adjustment of

the sensor signals necessary
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9 REQ-SEN-06 | release_times - In some cases, the sensor delay needs to be
stopped, the superior block must be able to
freeze the timer in different situations (e.g.
occupation sensor during the takeover

interruption)

Table 3: Sensor component preference classification, source: Own illustration

With these use cases it is possible to define the preference type of each value. None of them is clearly
defined or depends on the use case within the project, this means that none of them has to be realized as
a configuration value. Preference values 2, 3, 5, 6 and 7 are defined by their superior block, they will be
classified as setup values. The variables 4 and 9 need to be adjusted by the superior block during operation,
this is a control behavior and they have to be a part of the interface structure (see next chapter: Classes
and Models). The user must to be able to adjust 1 and 8 during start-up and operation, they have to be

defined as parameters.
How does the Sensor know its name?

The requirement REQ-SEN-04 defined that the message from the sensor should include its physical name
(designation). To provide this information the sensor has to know this name. There are different ways to
teach the sensor component its name. The first is to store this information static and the second one is to
get the symbol of the connected input parameter. The evolution of these two solutions follows the same

process as for the decision component vs. template.

The information of the name is known during the plant configuration and could be generated as a sort of

configuration for this component. The different evaluation points are shown in Table 4.

Pros Cons

- Needs no runtime for evaluation of the name - A change of the name has to be done via the
- Stored within the component project configuration tool, it leads to a
- The input parameter does not affect the name, recompilation and a restart of the whole system.

if the system requires a simulation or a | - Changes in the input interface cannot be

modification of the input signal the naming is detected

not relevant for the message - Name changes have to be made two times, at

the symbol and the configuration

Table 4: Pro/Con list, sensor name as a configuration, source: Own illustration

The second idea is to get the name of the component via the system function getSymbol. This function
returns the name of the value which is connected to the input interface. This could be done during start-up
to decrease the risk of changing cycle times. In Table 5 the advantages and disadvantages are listed for

further evaluation.
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Pros Cons
- If the name is changed in the tag table, the | - Needs runtime during start-up
name within the message is also changed - Depending on the name of the connected
- No tool needed variable (symbol)

- No restart of the whole system necessary

- Stored within the component

Table 5: Pro/Con list, sensor name via system function, source: Own illustration

These two solutions are nearly equal in their pros and cons, but the dynamic solution (via getSymbol) fits
the general concept better and is chosen as implementation solution.

Cycle time optimization

The requirement REQ-SEN-05 also refers to a possible cycle time issue due to the unused sensors. A TPL
is built out of modules which are built out of components, there is a possible use case in which some
sensors are optional, because not all sensors are necessary in all situations. To optimize the cycle time a
smart way of separating the used from the non-used has to be found. Furthermore, with that information a

cycle time optimized behavior should be found.

The first task is to detect that a particular sensor is not used. Again, there are various ways to achieve this
goal. One is that the user has to disable the sensor which is not needed. A second way is that the sensor

evaluates this information itself.

The first idea is to add a configuration for this sensor if it is used or not, this information can be generated
via the project configuration tool. During runtime this generated flag can be evaluated and the execution of

the whole block can be skipped.

The smarter solution is to enable the sensor to detect this information itself. As mentioned in the last
decision there is a possibility to get the name from a connected input. This could be used, if nothing is
connected this function will return an empty string. So, the sensor could check its own name and if it is an
empty string, the sensor knows that it is not existing. This solution also has the benefit if something is
changed only the changed element needs to initialize again. Figure 52 shows how this information has to

be evaluated in order to omit the whole runtime of a block if it does not exist.
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. —=<___initialization >——————< sensor exist_= ~
Ves Ves
call sensor) |
T T €3
<. initialization =—Y
yes
i

"".exa-:ute gxistance execute sensor .
l-.‘ check l-.‘ handling E i )
Figure 52: Flow chart of the call environment of the sensor, source: Own illustration

If there is no initialization and the sensor already know that it is not existing, the whole call can be left out.
To obey the definitions and to have access to this information, the exist flag needs to be added in the

interface of the block.

6.2.3 Classes and Models

This section explains how the design decisions are transformed into different models how they can be
defined in more detail. From the requirements it is known that this block should represent a 1-bit sensor.
This means that the block must have one input interface value for this signal, it is from the datatype bool.
Further this component needs an interface that enables it to interact with other software parts. This definition

scan be seen in Figure 53.

Input for the
sensar signal
needs to be
definied in more
detail
S81_DC_Sensor
\ I_SEM: BOOL

| S51_DC_ITF_Sensor_ST

| |F< provides ---{0) }— iti: §SI_DC_ITF_Sensor_ST

Figure 53: Simple model of a sensor component, source: Own illustration

After illustrating the sensor component as a black-box, the necessary interface needs to be defined in more
detail. Just like every other interface, the sensor exists of at least two structures, control and state. Due to

the fact that during the design a setup was defined the structure setup is also necessary.
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The values which have been defined before (in chapter 6.2.2), can be used as members of the setup
structure, which is shown in Figure 54. It refers directly to the requirements REQ-SEN-01, REQ-SEN-02,
REQ-SEN-03 and REQ-SEN-06.

331_DC_Sensor_Setup_ST

auto_quit- Bool

sensor_free_quit- Boaol
sensor_signal_for_message: Boaol
message_class: Dint

message_id: Dint

Figure 54: Class diagram of the setup structure from the sensor interface, source: Own illustration

For the members of the state structure the requirement REQ-SEN-07 is relevant. Therefore, the sensor
must provide the edges, a delayed signal and the original signal. In addition to that it was defined that the
sensor component should also deliver if it exists or not. To guarantee that this signal is valid it is also
necessary to know if the sensor is done with its initialization (during that the existence evaluation takes

place as shown in Figure 52). This composition of the structure is outlined in Figure 55.

SSI_DC_ITF_Sensorstate_ST

init_done: Bool
exist: Bool
arig: Bool

re: Bool

fe: Bool

del: Bool

message: 551_G5_CollectiveMessage_ST

Figure 55: Class diagram of the state structure from the sensor interface, source: Own illustration

Further the state structure provides the information if a message is set from this component and in which
message class. Therefore, the structure SSI_GS_CollectiveMessage ST is used. This information allows

the superior software part to act different, depending what kind of message is generated.

The last structure that needs to be designed is the control structure. It includes the two defined parameter
release_message and release_times from the requirements REQ-SEN-02 and REQ-SEN-06. Additional to
that the component needs the acknowledgment signal (quit) and the command to start the initialization.

The whole control structure is shown in Figure 56.
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SSI_DC_ITF_SensorControl_ST
init_start : Bool
quit: Bool
release_times: Bool

release_message: Bool

Figure 56: Class diagram of the control structure from the sensor interface, source: Own illustration

All these structures are a part of the interface structure for the sensor component. In addition to the feature

according the requirements the information about the components name would be a benefit for other

software parts. They could use this information for logs, parameters and messages if the sensor name

increases their comprehensibility. Therefore, the structure info is added in the interface. The finished

structure can be seen in Figure 57.

SSI_DC_ITF_SensorState_ST

init_done: Beol
exist: Bool
orig. Bool

re: Bool

fa: Bool

del: Bool

message: 55I_GS_CollectivelMessage_ST
A

85I_DC_ITF_SensorControl_ST

S51_GS_Componenilnfo_ST

init_start - Boal
quit: Bool

release_times: Bool

release_message: Bool

name: string

sub_name_id: dint

4

F

SSI_DC_Sensor_Setup
I_AUTO_QUIT: Bool
I_SENSOR_FREE_QUIT: Bool
|_SENSOR_SIGMAL_FOR_MESSAGE: Bool
I_MESSAGE_ID: Dint
I_MESSAGE_CLASS: Dint

:l— 10_SETUP: 33I_DC_Sensor_Ssiup_ST

—»  SSI_DC_Sensor_Setup_ST
auto_quit: Bool

sensor_free_guit: Bool
sensor_signal_for_message: Bool
message_class: Dint

message_id: Dint

SSI_DC_ITF_Sensor_sST

info: 351_GS_Componentinfo_ST

L— control: SSI_DC_ITF_SensorConirol_ST
state: S5I_DC_ITF_SensorState_ST
setup: SS1_DC_Senszor_Setup_ST

Figure 57: Class diagram of the interface structure of the sensor component, source: Own illustration

During the implementation of the setup into a module it happens very often that one of the setup variables

will be forgotten to be set up. To prevent this issue a helper function for the setup SSI_DC_Sensor_Setup

is added to the sensor PLC-object SSI_DC_Sensor. This function is also visible in Figure 57.

The full class model of the sensor component can be seen in Appendix 2. All the used structures und sub-

functions are outlined. Furthermore, additional functionalities from the original software are supported.
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6.3 Technical Area

This last example deals with a technical area. The technical area (TA) is the software abstraction of a
physical dependency. It is an extension to an electrical component (EC) and is responsible to enable or
disable the automatic mode of other blocks. In Figure 58 is an example of an electro-mechanic component.

In this illustration the different actuators are shown.

DC Motor
AC Motor

pneumatic Valve

Figure 58: Example of an electro-mechanic component, source: Architecture Documentation (2018)

According to this example, a few possible dependencies are: Electrical fuses, contactors, a temperature
area or a pressure monitor. If any of those superior units detects a fault a defined area has to be disabled,
to prevent subsequent malfunctions and faults.

6.3.1 Requirements

REQ-TA-01:  This block must be able to disable other Nodes.
REQ-TA-02:  The concerned nodes have to be configurable.
REQ-TA-03: It should be possible to implement it into an electrical component (EC).

REQ-TA-04: It must be possible to link multiple TAs after each other, with this behavior a linear or tree

dependency can be realized.

REQ-TA-05: It is necessary to provide the information, at any node, which TA has disabled it. If the TA
is turned off by another TA, this TA should forward the information who has turned off this
area.

REQ-TA-06: Elements can depend on multiple TAs.
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6.3.2 Design decisions

Connected or array with indexed access

According to REQ-TA-01 a TA must be able to disable a group of elements. How can this be implemented
into the PLC software? On a S7-1500 it is not possible to store a pointer on a certain memory area, due to
that another solution needs to be found. There are two possible ways to do that, one is to connect the
related blocks with each other via an interface, or the second idea is to use a global array with indices for

each element.

The first solution requires the possibility to connect an undefined number of interfaces with each other, this
is not possible in a way that the blocks are still easy to use. It would require either the elements to provide
interfaces up to the number of possible elements or the TA to provide that. This leads to the decision that

the first idea is not practical and can be dismissed.
Who knows who?

The second solution with the array leads to the next question. Do the elements know their dependencies
or vice versa and does the TA knows all the dependent elements? In Figure 59 andFigure 60 the two

concepts are outlined.

Call of a

Call TAD ,AH End of the TA Element | . loop fer each configured TA

. .| check all configured J
N =

ult evaluation =——

- -

TA dependancies

Ves
Further
_ execufion of
RN SE— the element
store the fault T T
information within the | = ] T 3;,©
global array under its — -

awn number ] M

yes

o

stop all movements
and change to
dizabled

Figure 59: Flow chart concept 1, the element knows its dependencies, source: Own illustration

Further
Callofa execution of
Call TA() Py End of the TA Element Py the element
7 . . ) ne .
. —==_fault evaluation > ne = © . —= = ©
yes yes
all done

disable all elements | stop all movements
e 'aTh ur|~ ol s and change to
in the global array disabled

)

loop for each configured element

Figure 60: Flow chart concept 2, the TA knows its dependant elements, source: Own illustration
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As visible in Figure 59 the concept 1, in which the element knows all its dependencies is it necessary to
check all its TAs in every cycle. This leads to an increase of cycle time, because every TA is getting checked
multiple times from different elements. The second concept, drawn in Figure 60, instead shows that only in

case of a fault it is necessary to execute a loop, and disable each of the configured elements.
Array definition and workflow

According to REQ-SEN-04, it is also necessary to enable dependencies between TAs. Elements already
have a number. Additionally, it is also possible to give each TA a unique number and add them to the same

array. To prevent naming collisions this blocks with a unique number/index will be called nodes.

This solution also supports the required feature (REQ-TA-06) that a node can be dependent from multiple

TAs. This relation is outlined in Figure 61.

2]

Technical Area

(TA) Nodes

1.= 1

Figure 61: Relation between node and technical area, source: Own illustration

To guarantee that this concept is working correctly the timing behavior has to be considered. If multiple
nodes can write on this technically ok flag, they need to work with a reset operation. This means that the
flag can be reset multiple times and have to be set by the node itself. This features also the possibility that

this flag can be reset at any time during the cycle.
Configuration

As mentioned in the concept description to teach the technical areas all the dependent nodes it is possible
to configure them (REQ-TA-02). All those dependencies are known when the system’s plans are finished.
Theses dependencies can be imported from the plans and the configuration and can be generated

alongside the whole plant sources. The configuration can be done in form of a list or entries in an array.

With these decisions, the designing process of the structures can be started.
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6.3.3 Classes and Models

Designing the node DB

As designed in the last chapter the mechanism to disable nodes will be done via a global array. Due to the
fact that S7-1500 does not support global arrays, a DB with an array in it needs to be used. This DB and
the contained array can be seen in Figure 62.

551_GS_Mode_DEBE
551_GS_Node_ST

node: array [0..maxModes] of SSI_GS5_Mode_ST
technical: 351_TA_ST

Figure 62: Class diagram of the node DB, source: Own illustration

The structure SSI_TA_ ST represents one array element for the technical area handling. In this DB other
functionalities, which also requires an indexed access to nodes, can be added in the future. According the
previous definition, a flag is needed, within this structure, to indicate that this node is no longer technically
ok to fulfil its work properly. Due to the definitions, that this flag will be set by the node and reset if needed
from a TA, it is not possible to use this as an information about whatever this node is ready to operate at a
given moment. To support this feature the structure will be split, like the interface, into two parts, control
and state. This structure is shown in Figure 63.

S51_TA_Control _ST

S3I_TA_ST tech_ok Bool
control: S51_TA_Control_ST chief_node_id: dint
state: 55_TA_State 5T
1 551_TA_State ST
tech_ok: Bool

Figure 63: Class diagram of the TA structure, source: Own illustration

The requirement REQ-TA-05 also requires that the disabled node should provide the information, which TA
has turned it off. There are again multiple ways to do that, one is to use the name of the TA, another is to

use the unique the node-id of the EC.

Both concepts are using the same idea of writing their information (name or node-id) into the same structure
as the technically ok flag. Due to less memory usage the saving of the node-id is the better solution and it
is also shown in Figure 63.

Design the configuration DB

To configure the area, a list of node-ids has to be stored. Due to the impossibility to allocate memory during

runtime on a S7 PLC a static solution needs to be found. A list can be constructed within an array.

One solution is to use a linked list, which means that every entry has the link to the next element in the list.
This solution has the benefit that it can handle either long lists or short lists. The only limit is the number or

array elements. An example of a linked list is shown in Figure 64.
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Start of List 1

Start of List 2

S

Start of List 3

idz | data next_idx
idz | data next_idx
idz | data next_idx
i | data next_idx
= idx | data next_idx -1
L—i idx | data next_idx
{ ._~*|
—=| idx | data next_idx
idz | data next_idx
L+ idz | data next_idx

Figure 64: Example of a linked list, source: Own illustration

Benefit of this solution is that a linked list is very flexible, as visible in Figure 64, it is possible that the data

does not have to be in the right order within the array (List 2 and List 3 in the example). The whole list can

also be seen as a sorted list as well. This type of list needs to store the index of the next element within

one entry, this is in the case of the configuration twice as much memory as needed for one entry.

A second solution to store the configuration data is an array where all the data are in a defined sequence.

Therefore, a start index and the number of entries must be stored. This memory behavior is explained in

Figure 65.

Start of List 1

Start of List 2

oy :

Start of List 3

ide | data
ide | data
ide | data
ide | data
ide | data I
ide | data
ide | data i
ide | data
ide | data

4 Elements

';— 3 Elements

— 2 Elements

Figure 65: Example of a list within an array, source: Own illustration
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This solution is not as flexible as the first one, but in this use case, all the dependencies are known at the
moment of the generation of this list. This means that there is no need for a flexible solution. This solution

fits the requirements and is uses less memory as the first one.
Designing the interface structure

As mentioned in REQ-TA-03, a TA is a part of an EC and this also includes sharing the node-id and the
components name. This information can be forwarded from the electrical component to the TA via a setup

structure.

This block needs a control value for the fault of its superior electrical component (REQ-TA-03). With this
flag the TA can disable all configured nodes. Further it should provide the information whether it is currently

technically ok or not. All these definitions are illustrated in Figure 66.

SSI_TA_ITF_Setup_ST

= name: string
SS_TA_ITF_ST
node_id: dint
setup: S51_TA_ITF_Setup_ST —

control: S51_TA_ITF_Control _ST —
SS_TA_ITF_Control_ST

state: SSI_TA_ITF_State_3T

——=={ init_start: Bool

fault: Bool

SSI_TA_ITF_State ST
init_done: Bool

tech_ok: Bool
Figure 66: Class diagram of the TA interface structure, source: Own illustration

Designing the TA block

The two requirements REQ-TA-04 and REQ-TA-05 also need a possibility to check their own node-DB
entry, with their own index. This access can be done via an InOut interface, this will be a read and write

access interface. These interfaces and the connection to the SSI_GS_Node_DB are shown in Figure 67.
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551_G5_Node DB
node: array [0..maxModes] of 351_GS_Mode_ST

provide

S551_G5_Node_ ST e
Tl SSI_TA_Simple
technical: S51_T&_ST ‘Use

[}~ 10_NODE: 851_GS_Nods_ST

AD)— it SSI_TAITF_ST

provide”

SSL_TA_ITF_ST

setup: 351_TA_ITF_Setup_ST
control: S51_TA_ITF_Contral_ST
state: S51_TA_ITF_Siate ST

Figure 67: Class diagram of the TA block, source: Own illustration

All the requirements could be fulfilled with those definitions. The inner structure of the TA block will be
designed later on during the detail design process. During this phase these definitions will support the team

of developers to evaluate the architecture and give feedback to the architect.
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7 CONCLUSION AND OPPORTUNITIES

This chapter sums up the results of the thesis, explains where difficulties could be found during the
designing process and informs about the actual state as well as it provides possibilities and advantages of

the designed software architecture.

The aim of this thesis is to answer the questions about the combination about architecture and PLC

systems. In the following paragraphs, the elaborated answers to these questions are outlined:
What and who is needed to develop a sustainable architecture?

To design an architecture a well-trained architect is needed, whose task it is to manage the interests of the
stakeholders and to communicate the defined architecture. To create a sustainable architecture, a high

level of technological and process knowledge is necessary (detailed information see chapter 2.2).
Which tools are common and used?

In chapter 3.3 a few of the common templates and tools are listed. It is important that the architectural
system fits the company’s strategy. There is no right or wrong choice about the used system, it has to be

accepted by all stakeholders and should provide the possibility of an easy access.

How detailed does a software architecture have to be in order to support a development but not to take the

main role?

It depends on the project and on the designing software system. Some are explained in a few pages, others
need dozens of illustrations and explanations. It is one of the architect’s tasks to find the right amount of

detail. More details can be found in chapter 2.7.
How do decisions have to be documented?

By documenting decisions, the most important aspect to be kept in mind is that this documentation needs
to be found easily in the future. In chapter 5.1, an example of a decision documentation is presented. The

only badly documented decision is a non-documented one.

Is it possible to transfer workflows, from the common software development into the PLC world and how

could it be done?

The workflows can also be used during the design of a PLC system. The tools have to be adjusted and a

few compromises have to be made (see chapter 4.1).
Which compromises must be made during this process?

One of the biggest compromises is that S7-1500 PLCs are not supporting OOP at the moment. In order to
get an object-oriented architecture to work on a non-object-oriented system a few limitations about the
inheritance, polymorphism and encapsulation have to be made. The whole description of the resulting PLC-

object model can be found in chapter 4.2.
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7.1 Experience and current state

As mentioned at the beginning of this thesis, this topic is new for the PLC software development field. Due
to that the acceptance for such a detailed architecture was one of the biggest challenges. This proceeding
was often questioned, by stakeholders as well as developers during the start phase and some even
suggested it to be a waste of time and asked why such a theoretical part needs to be done at the beginning
of the process and not in form of a subsequent documentation. Additionally, the systems and tools that had
to be used did not initially support PLC system. It took weeks and months to find the right tools and the
correct way of using them. Siemens PLCs do not support object-oriented programming (see 4.1), but the
architecture had to be OOP conform. A way to illustrate the thoughts of the architect and the developers
had to be found (see 4.2). The naming convention was one of the most time-consuming topics during that
phase. It is very hard to find names and terms that fit the company style, the developer’s technical terms
and also differ to old names. This is necessary to prevent misunderstandings of parts of the architecture
and the new software. The definition of names, the rules for the naming and the templates for PLC-objects
and other illustrations increased the acceptance among the developers significantly. From this point on all

parties talked about the same things and, more importantly, really meant the same things.

During the design phase, the stakeholders got involved and their previously suspicious behavior changed
until they saw the benefits of the whole architecture and its benefits with regards to the quality of the

products later on.

A big advantage compared to the past is that all the information can be found on one platform. All design
decisions and meeting notes are linked to the architectural definitions and can be accessed at any time.

Furthermore, the software documentation will also be included in the near future (see following chapter).

Currently the designed architecture is getting implemented into the first product, conveyor systems for small
goods. A lot of details are revised and getting updated within the architecture to be prepared for the future.

Next step is the start of the development of another product.

This architecture will also be the base for the software architecture for Microcontrollers. SSI Schafer
Automation uses Microcontroller for small handling machines. They will also be redesigned and

reprogrammed to fit the requirements which are related to industry 4.0 and connected systems.

7.2 Development Tools

Beside the software architecture, the necessary toolchain was designed. As mentioned in chapter 5, it is
possible to generate parts of the software documentation from the actual source code. For this mechanism
a parser was developed. This parser is able to find predefined key words and interprets them. This parser
will be expanded in the near future, to support the developers during the programming. It is planned to add
automated style guide checkers for static code analysis, which should lead to an increased quality of the
delivered source code. Further it is possible to find matching code fragments, which can be transferred to

sub-functions. This lowers the needed code memory and simplifies the maintenance of the software.

With the developed TIA Portal interface, it is possible to create a nightly build system. The possibilities of
such a system start with simple compile tests and leads to fully automatic function tests of software parts

or of a whole system.
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Conclusion and Opportunities

7.3 Project Tools

Not only the developers can benefit from these systems. Due to the deep understanding and the equal
structure of multiple products it is possible to integrate the software generation and the configuration into
other planning tools. A possible scenario is that the change of a physical electro-mechanic component
leads to an automated change of the used software component and the referred tests, protocols and
documentation. In the automation industry such a link between the physical and the digital components is
called a cyber-physical object. The definition of such objects is only possible if the software components
are derived from their physical counterpart, which was a goal of this architecture. The software architecture

does also provide certain aspects of industry 4.0, which is based on cyber-physical systems.

All these improvements are based on results of this thesis and will lead to higher quality and transparency
of the PLC development. Furthermore, the projects can be realized in a shorter time period but, at the same
time, with higher quality than current. It does not only rise the productivity but also significantly increases

customer satisfaction.
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Appendix 1: Principles behind the Agile Manifesto

APPENDIX 1: PRINCIPLES BEHIND THE AGILE MANIFESTO

“We follow these principles:

Our highest priority is to satisfy the customer
through early and continuous delivery

of valuable software.

Welcome changing requirements, even late in
development. Agile processes harness change for

the customer's competitive advantage.

Deliver working software frequently, from a
couple of weeks to a couple of months, with a

preference to the shorter timescale.

Business people and developers must work

together daily throughout the project.

Build projects around motivated individuals.
Give them the environment and support they need,

and trust them to get the job done.

The most efficient and effective method of
conveying information to and within a development

team is face-to-face conversation.
Working software is the primary measure of progress.

Agile processes promote sustainable development.
The sponsors, developers, and users should be able

to maintain a constant pace indefinitely.

Continuous attention to technical excellence

and good design enhances agility.

Simplicity--the art of maximizing the amount

of work not done--is essential.

The best architectures, requirements, and designs

emerge from self-organizing teams.

At regular intervals, the team reflects on how
to become more effective, then tunes and adjusts

its behavior accordingly.” 60

60

Beck/Beedle/Bennekum/Cockburn/Cunningham/Fowler/Grenning/Highsmith/Hunt/Jeffries/Kern/Marick/Martin/Mellor/Schwaber/Suth
erland/Thomas (2001), Online-Source [10.0October.2018]
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Appendix 2: Complete structure of the Sensor Component

APPENDIX 2: COMPLETE STRUCTURE OF THE SENSOR COMPONENT

S51_DC_Sensor_Setup_ST

auto_quit: Bool

sensor_free_quit: Bool
sensor_signal_for_message: Bool
message_positien: String
message_class. Dint
message_id: Dint

parameter_group: String

$51_GS_Componentinfo_ST

name: string

sub_name_id: dint

$S1_DC_Sensor_Setup

SSI_DC_ITF_SensorControl_ST  |¢—

I_AUTO_QUIT: Bool
|_SENSOR_FREE_QUIT Boal quit Bool
|_SENSOR_SIGNAL_FOR_MESSAGE: Bool
|_PARAMETER_GROUP: String

I_MESSAGE_ID: Dint

init_start : Bool

release_times: Bool

release_message: Bool

S85I_DC_ITF_SensorState_ST -

|_MESSAGE_CLASS: Dint — -

init_d Bool
I_MESSAGE_POSITION: String nil_done: Beo

exist: Bool
}-— 1O_SETUP: SSI_DC_Sensor_Setup_ST T

orig: Bool

re: Bool

fe: Bool

del: Bool

S$51_DC_Sensor

I_SEN: BOOL

)— IO_INFO : "SSI_GS_WhoAmI_ST"
:)7 I0_COLLECTIVE : "SSI_GS_CollectiveMessage_ST"

message: SSI_GS_CollectiveMessage ST —l

SSI_TL_Logging_Setup_ST

SSI_DC_ITF_Sensor_ST

— contral: SSI_DC_ITF_SensorControl_ST
ri state: SSI_DC_ITF_SensorState_ST

SSI_GS_CollectiveMessage_ST

fault: Bool
waming: Bool

info: Bool

SS1_HMI_Message_Control_ST

info: $S1_GS_Componentinfo_ST ~
req: Bool

slot: Int

setup: 3SI_DC_Sensor_Setup_ST

S51_TL_Logging_ST

precision: Int

no_entry : String
§3I_DC_Sensor_Message_ST

ret_val : Int

setup : "SSI_TL_Logging_Setup_ST"

get_type_1: Int
get_type_2: Int

sensor - "SSI_HMI_Message_Control_ST" [~

*

get_type_3 Int

SSI_TL_DeteciEdges_ST

SSI_TL_DetectEdges

get_type_4: Int

block_name_cell: String

SSI_TL_Logging_Setup_ST

instance_path_cell: String

node_id_cell: String

node_name_cell: String

timestamp_source: Int

block_namel: String
instance_path: String

re: Bool
())— state: SSI_TL_DetectEdges_ST

SSI1_HMI_Parameter_ValueBool_ST

act: Bool

fe: Bool
I_SIGNAL: Bool
A
SSI_TL_TonTof_State_ST «~
ton_tof: Bool
ton: Bool
of: Bool

ton_tof_re: Bool
ton_tof_fe: Bool
act_ton_time: Time

act_tof_time: Time

SSI_TL_TonTof

I_IN: Bool
|_RELEASE: Bool

I_TON_TIME Time
I_TOF_TIME: Time

O)— state: SSI_TL_TonTof_State_ST —

SS|_HMI_Parameter_ValueTime_ST

act: Time

—>|

SSI_HMI_P: _Info_ST

id - Dint

detail_group: String

permission: Int

SSI1_HMI_Parameter_Bool_ST

info : "SSI_HMI_Paramster_Info_ST"

value : "S3I_HMI_Parameter_ValueBool_ST"

[

SSI_HMI_Parameter_Time_ST

ton_tof_edges_i: "SSI_TL_DetectEdges”

info  "SSI_HMI_Parameter_Info_ST"

value : "SSI_HMI_Parameter_ValueTime_ST"

(O))— it $51_DC_ITF_Sensor_ST

S$SI_DC_Sensor_Para_ST

sen_del_i: "SSI_TL_TonTof'

message_del_i "SSI_TL_TonTof"

quit_del_i: "SSI_TL_TonTof"
sen_edge_i: "SSI_TL_DetectEdges”

para: SS1_DC_Sensor_Para_ST

ton  "SSI_HMI_Parameter_Time_ST"
tof : "SSI_HMI_Parameter_Time_ST"
message_time - "SSI_HMI_Parameter_Time_ST"

invert : "SSI_HMI_Farameter_Bool_ST"

A

message: "SSI_DC_Sensor_Message_ST"

logging: "SSI_TL_Logging_ST"

block_info: "SSI_TL_Blockinfo_ST"
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