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Today, starting at household applications providing automation services up-to
highly complex systems as the International Space Station a lot of functionality
is integrated and thus systems get more and more complex. In addition, the
environment a system is installed imposes constraints increasing the complexity.
Those constraints could be raised by a competitive market, by already installed
systems or are given by laws and regulation. Systems Engineering has develo-
ped over the decades from a capability of a few experienced senior engineers
to an acknowledged profession. Systems Engineering has proven to be a key
enabling factor for companies to handle and manage complexity and to ensure
effective communication among all stakeholders allowing developing successful
systems. The course provides the rationale and foundation for applying Systems
Engineering and an introduction into the thinking of Systems Engineering.
The student explains the difference of a system in comparison to its system
elements. He describes the role of a systems engineer within a project organisa-
tion and his work areas . The student understands the importance of upfront
analysis in order to avoid unplanned costs in later life cycle stages. He reco-
gnizes that communication, e.g. with specialist disciplines, is a fundamental
element of the SE tasks. The student analyses a system completely on a spe-
cific abstraction level considering the complete life cycle before advancing into
deeper details towards implementation. The student works with a wide scope
overlooking all technical aspects of the whole system instead of focusing solely
on a single detail. The student elicits requirements starting from the stakehol-
der needs, identifies possible solution architectures, performs trade studies and
decomposes and allocates the requirements down the system hierarchy. He app-
lies different techniques to validate architecture, design and requirements. The
student manages the technical aspects of a system and coordinates with the
specialist engineering disciplines as well as project management.
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1. Definitions

After working through this course you will be able to explain the essential characteri-
stics of a system compared to a set of elements. You will be able to decompose the

hierarchical system and to describe “systems engineering” and the system (product)
life cycle.

1.1 What is a System?

INCOSE, Systems Engineering Handbook, v3.1, August 2007 defines a system as an SE Handbook
integrated set of elements that accomplishes a defined objective. These elements include WWW.INCOSE.0rg
products (hardware, software, firmware), processes, people, information, techniques,
facilities, services, and other support elements.

Hitchins defines a system as a set of complementary, interacting parts with properties,
capabilities and behaviors emerging both from the parts and from their interactions to syn-
thesize a unified whole. Hitchins emphasizes that perhaps the key feature of the definition
is the word ,interactions.”

He further explains what distinguishes a system from a pile of bits is simply that, in a sys-
tem, the parts interact with each other to produce ,,properties, capabilities and behaviors.”
So, while a pile of bits has properties - mass, volume, etc. - none of them emerges becau-
se of interactions between the bits. He points out that this is important: Because of the WCSE
interactions, a system is complex, systems may be able to do things, to exhibit behavior www.hitchins.
and to have system capabilities that none of their parts have. net
(hitchins.net)

ISO/IEC 15288 defines a system as an integrated set of complementary, interacting ele-
ments organized to achieve one or more stated purposes.

Definition 1 — System: A system is an integrated set of complementary and interacting
elements that accomplishes one or more stated purposes. These elements may include
products (hardware, software, and firmware), processes, people, information, techniques,
facilities, services, and other support elements. Because of the interactions between its
elements, a system is able to do things, to exhibit behavior, to have capabilities that none
of its elements have.

What is a system? Describe in your own words and find examples.

1"
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1.2 What is Systems Engineering (SE)?

The definition of INCOSE, Systems Engineering Handbook, v3.2, August 2007 is most
complete as it addresses the most important issues. Therefore, we could follow their
definition:

Definition 2 — Systems engineering: Systems engineering is an interdisciplinary appro-
ach and means to enable the realization of successful systems. It focuses on defining
customer needs and required functionality early in the development cycle, documenting
requirements, and then proceeding with design synthesis and system validation while con-
sidering the complete problem. Systems engineering considers both the business and the
technical needs of all customers with the goal of providing a quality product that meets
the user needs.

What is important?

Systems engineering is an interdisciplinary approach, which means that several specialist

engineering disciplines and domain experts are involved in the system realization. Systems
engineers establish an interaction and communication network with customers, users and
stakeholders and other organizational units of the enterprise.

It is commonly agreed that the overall goal of engineering is the realization of successful
systems. Therefore, it is necessary to consider both the business needs of one’s own
company and its interest in making profit, but also the needs of the customers. The custo-
mer’s satisfaction is supported by providing a quality product that meets the user needs,
while considering and balancing the interests of all stakeholders.

Of equal importance is the understanding that a system is successful not only if it is
realized on time and on cost, but also if it meets customer expectations during operation,
and finally allows retirement according to applicable regulations. Therefore, the scope of
systems engineering is not limited to the implementation phase but also considers the
complete life cycle of a system.

To accomplish these goals, systems engineering focuses on understanding the user
domain, defining user needs and required functionality early in the development cycle,
documenting requirements, and then proceeding with design synthesis, system validation
and system verification while considering the complete problem (see system life cycle).

Systems engineering is a discipline that concentrates on the whole (system) as distinct
from its parts. It involves looking at a problem entirely, taking into account all the facets
and variables and relating the social to the technical aspect.

To achieve good results, systems engineers involve themselves in nearly every aspect of a
project. Systems engineers pay close attention to interfaces where two or more systems
or system elements work together and they apply technical processes to reduce the risk
of project failures to an acceptable level.

All of these issues are discussed in more detail in the following chapters.

What is systems engineering? Describe in your own words.
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4. Processes

By waorking through the following issue you will be able to understands the process as
an enabler for repetitive project success and a container for collecting lessons learned in
order to avoid procedural failures. As well you will be able to use the provided descripti-
on of a generic SE process to guide your SE activities and to apply the different aspects
of development life cycles according to the project needs.

4.1 Need for Processes

What are processes? Processes can be understood as a kind of knowledge management;
a way of capturing procedural know-how in a written document, enabling others to share

in the experience of the process author or the organization that has established the pro- need for
cess. processes
The process of baking a cake is examined here for the sake of example. WWW. gur-
teen.com/
A chemical analysis provides the cake’s molecular constituents. It is not possible to bake gurteen/gur-
the cake based solely on this data; it cannot even be determined if it is a cake or so- teen.nsf/id/
mething else. Such data is not very useful for most purposes. ksculture

A list of ingredients is information that is more useful. An experienced baker could pro-
bably make the cake. Therefore, the data has been given a meaning. But what about less
experienced bakers? Would they be able to make the cake? The result may be some sort
of a lottery.

The recipe would be knowledge - it tells you how to make the cake. It is generally a
written recipe, a process capturing explicit knowledge. However, even with the recipe, an
inexperienced baker might not make a very good cake.

After several more-or-less successful attempts, the baker will certainly make a much bet-
ter cake. He will have gathered some experience, allowing him to reproduce a better result
with each attempt. This relevant knowledge acquired by applying the recipe is not always
easily written down. It is tacit (hidden) knowledge.

Ultimately, wisdom is about knowing which cake to make!

Clearly, some sort of recipe is beneficial, especially for inexperienced engineers. These
recipes are the processes, telling them how to perform and structure their work and de-
scribing the activities to be performed in detail. It is a challenge for an organization to add
the experience — the lessons learned - to the process, making it more valuable.

For an organization, it is essential that engineers and workers accept and apply the pro-
cesses in order to assure a repeatable quality for their products. It is in the interest of the
organization to become as independent as possible of the experience and knowledge of
the individual staff. The problems an organization faces in dealing with highly complex pro-
ducts and production methods are massive if the most experienced engineers and workers
leave the company, without their procedural knowledge having been documented.

It is also a matter of efficiency. Processes integrate lessons learned, i.e. they help to
improve development activities and avoid future failures, which are often expensive to

fix. Good process documentation answers the questions people have often raised in the
past. It avoids situations in which the individual staff members need to search for and ask
peaple with the necessary experience when they have a question. 88
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However, it is important to note that while processes may be good for reproducing a
high-quality work product, it is the responsibility of the engineer to know how to apply
the process in an acceptable manner and adapted to the specific problem when faced
with different scenarios and conditions. Such process tailoring should be performed and
documented before the respective development phase is started.

It is therefore necessary and essential for the engineer to know what purpose a specific
process is intended for. Otherwise, the engineer will not be able to provide the correct
contents in a usable manner.

Describe in your own words the purpose of processes. Do you know processes from
your own experience? Are your processes updated regularly with lessons learned? Do
you think that those processes are helpful for you in your daily work?

4.2 Standards

A standard is a document that provides rules, guidelines or characteristics for activities

of specific (engineering) domains or their results. Standards are either internal within an
organization or publicly approved and controlled by an officially recognized body (e.g. DIN,
ISO, ANSI, IEEE). Standards are intended for common and repeated use and deal with
actual or potential problems in a given context or scope. Standards express either recom-
mendations as guidance (should) or requirements as a prescription (shall). They are aimed
at achieving an optimum degree of satisfaction, establishing the same basic minimum
requirements for everyone.

Since the use of a standard is voluntary, it is quite different from the mandatory regula-
tions that are drawn up by public authorities. However, public authorities often require the
application of standards e.g. in order to gain certification for a specific purpose.

Standards are documents established by consensus of different parties and stakeholders
and are therefore the result of a compromise. They usually do not provide the absolute op-
timum, which could be achieved when considering the domain and environment in which
they are applied. Therefore, if the intention is to apply a procedural standard in one’s own
organization, there is enough room for optimization and integration of lessons learned and
experience gathered in one’s own domain. Standards provide a sound starting point.
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7. Reviews

Within this chapter you will learn how to apply reviews within the project life cycle and

to adapt the technical contents to your needs.

7.1 Why Reviews?

At certain points in the project development, there are some synchronization points and
milestones: the technical reviews. Usually, they are scheduled after a certain phase of
work has been completed and a new phase starts. A primary outcome of each technical
review is the technical assessment on the readiness to proceed to the next phase of work.
There are different reasons why a review is conducted:

To align the team to align the
Usually a team is working on a project with all the different stakeholders, but only one or a team

few engineers are working on a certain item, where other stakeholders are not involved. A
review is used to present and communicate the working result and to ask for agreement
and discuss the selected design solutions.

For example

The systems engineer is working on the system architecture of an avionics computer. The
people responsible for testing the equipment need to know which specific means of tes-
ting are available to plan their tests and which test interfaces they can use to connect the
test equipment. The people responsible for the logistic support want to know the reliability
of the equipment, which maintenance features are provided and which interfaces are used
for connecting the maintenance equipment. The product manager wants to know the life
cycle and the production costs. The production people are interested in knowing if the
equipment can be produced and which tools are necessary. There are other people with
other interests. Finally, there is the project manager with a limited budget.

Of course, the systems engineer may have discussed with all the people in advance and
run trade-off studies to find the best solutions for all the requirements. However, the full
overall picture should be presented to all the stakeholders in a joint meeting. Such a mee-
ting allows the stakeholders to align their expectations on the system to be developed and
to come to an agreement on the systems engineer’s decisions.

To provide confidence to provide
The review also provides confidence that the project is moving in the right direction and confidence
that all requirements as well as business needs are met and nothing has been forgotten.

To avoid additional cost

The reviews are scheduled when one project phase has been completed and a new phase
starts. Usually reviews are scheduled before considerable costs are generated, when
commencing work. Project management has the viable interest of starting these activities
on a mature basis, to avoid additional costs due to redesigns and repetition of activities or
the risk that efforts already expended are lost.

174
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For example

The system architecture has been generated and different components have been
identified to be purchased. Before starting contractual negotiations and supplier selection
or even starting the development activities on supplier side, it is a good idea to have a
clear and mature specification available. Once the contracts have been signed, it is rather
difficult and costly to change the contracted requirements or even to select a different
supplier.

Another example:

a qualification of the equipment needs to be performed. All the test facilities (e.g. tem-
perature chamber, vibration lab) are booked and the technicians are waiting for the units
to be tested and the necessary test equipment. Now it is established that some cables
that are necessary for connecting the test equipment are missing, or some software for
automating the tests is not available in time. The qualification campaign must be shifted.
Nevertheless, the costs for the test facilities need to be paid by the project. A test readi-
ness review aims to avoid such situations.

To identify failures

Other items are prepared by less experienced engineers who do not have the background
of a senior engineer. They probably do not know about failures and mistakes other en-
gineers have made in the past and therefore they run the risk of making the same mista-
kes again. Reviews are therefore a method of knowledge insertion. Experienced engineers
examine the work performed by the less experienced engineers and provide guidance and
support.

To seek acceptance from the customer

Usually reviews with customer participation are also payment milestones. In this case, a
successful review will trigger the next partial payment. It is important to provide trans-
parency for the customer’s requirements, the implemented technical solutions and the
rationale for the design decisions.

What is the purpose of reviews? What is most important for you as a systems en-
gineer? Describe in your own words.

175
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9. Architecture and Design

After working through this issue you will be able to differentiate between design and
architecture and to apply standards and architectural patterns. Furthermore you will be
able to structure the system of interest considering architectural as well as business

constraints. At least you will be able to generate a system architecture supporting re-
use while considering appropriate interface standards and to use the system architec-
ture to manage information and to make decisions at the right system hierarchy level.

9.1 About the Difference between Architecture
and Design

Developing the system architecture is one of the most important responsibilities of the
systems engineer. It is a creative process, and there is not just one solution to satisfy user
requirements.

Many process descriptions talk about architecture and design. There are documents to be
delivered for both: an architecture document describing the architectural concepts and a
design document describing the details of the design. To fill in the correct contents, it is
important to know the difference between architecture and design.

There are different approaches. Some of them say that it is a matter of detail, e.g. talking
about a preliminary design and later on a detailed design. See added example from the
NASA homepage.

Develop the Preliminary Design

The role of the complex electronics engineer during the preliminary design phase (also
called the conceptual or architectural phase) is to come up with a high-level design that
meets the requirements. At this level, the design engineer has to keep a systems point
of view, because the complex electronics interfaces with other elements of the system.
It's also common that the functions to be performed are still fluid, and the allocation to
software, complex electronics, and other electronic elements may change.

The architectural (high-level) design converts the requirements into functions to be perfor- development
med and the interfaces between those functional blocks. There is often a certain amount of preliminary
of trade-off during this phase, as various requirements or goals come into conflict. The de- design

sign engineer needs to be aware when design decisions for the complex electronics affect
other elements of the system, especially by imposing constraints on those elements.

The initial high-level design may be made using functional block diagrams, design and ar-
chitecture descriptions, or sketches. As the design is solidified, it is usually implemented in
a hardware description language (HDL), such as VHDL, Verilog, or SystemC. At this stage
of development, the complex electronics is defined as black boxes, with specified behavior
and interfaces. The specific details are added later in the design life cycle.

During the preliminary design phase, the architecture of the chip is defined, verified and
documented. The architecture is defined down to the level of basic blocks that implement
all intended functions. In addition, the interfaces and interactions between the blocks are
specified. Important decisions for the implementation of the chip are made at this phase,
including the selection of COTS, third-party, or re-used IP (Intellectual Property) modules or
cores. 248
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Does this statement make clear what a preliminary design is and what an architecture is?
There is one sentence that indicates the right direction: “There is often a certain amount
of trade-off during this phase, as various requirements or goals come into conflict.” But
what are the conflicting requirements and what are the criteria to drive the decision ina
trade-off?

Let's first explain the difference between architecture and design with the help of a simple
example, a bookshelf (see Fig. 93 on page 249).

Fig. 93: bookshelf

The bookshelf is able to hold books as well as other decorative items. It is divided into
squares. In designing such a rack, there are basically some functional requirements to be
considered, which are: height, width, depth and number of shelves, as well as require-
ments for the look and feel, e.g. it has a dark wooden appearance with solid boards.

So far, these are all design requirements. None of it is architecture.

|
ol
li

ANV E=TND

———

Fig. 94: trunk of a tree, sawn into boards

But now, the rack needs to be produced. Further questions will come up. For example,
could the rack be fully built from a single large trunk of a tree? Certainly, that is a waste
of resources, inefficient and would be expensive. It would be more elegant to saw the
tree trunk into boards (see Fig. 94 on page 249), which can be used as sidewalls as well
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