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Abstract— This paper describes a general procedure for
the requirement compliant design of robots and how design
knowledge can be captured and correlated with the stake-
holder demands. The key part of the method is to make
an inventory of the stakeholder demands. We have created
a structured list of demands for toy and educational robots
based on a survey of product currently on the market. With
this list it is possible to associate robot structures, functions
and processes to the various demands. Thus the designer can
determine which demands relate to which structure functions
and processes and vice versa what requirements are affected
by a given structure, function or process.

I. I NTRODUCTION

The design of complex artefacts, despite undeniable
advances made in systems engineering, still relies in great
measure on the intuition of the designer. In particular
relating the design with the demands placed on product
is a haphazard and unstructured process. [1] This problem
has two dimensions, one relates to the designer’s awareness
of the demands and the second to the lack of a proven and
transparent method of linking the design with the demands
[2] [3] [4].

Robots are, potentially, among the most complex engi-
neering systems ever to be designed. So far this complexity
has not received much attention because most robots are
experimental prototypes that are not exposed to the rigor-
ous demands of commercial products. Today’s commercial
robots are mostly industrial robot arms that operate in
environments that are deliberately simplified and tightly
controlled to reduce complexity. In contrast, autonomous
mobile robots of the future will not benefit from these
simplifications as they will be required to operate in the
open environment and share their workspace with humans.

The software industry is often taken as an example of
complex systems engineering. The software industry has
not yet mastered the production of programs that work
according to specification without errors [5]. Software
engineering continues to search for methodologies that
consistently produce reliable programs on time and within
budget. Customers have been forced to tolerate faulty
software. It is unlikely that customers will exhibit the
same level of tolerance toward faulty robotic products.
Faults in software mostly cause annoyance and sometimes
substantial financial losses, but fortunately direct physical
damage has been rare. To the contrary, a faulty robot
can easily cause significant physical harm and damage.
The design of future robots will be far more complex

than today’s software design and it seems appropriate to
investigate methodologies that will avoid the errors made
in the past in the design of complex systems.

The autonomous robots industry is still in an early
stage and we should take advantage of this and start
developing and testing suitable methodologies to cope with
the anticipated design and implementation complexities.
In particular we need a methodology that allows the
integration and growth of the design knowledge [6] [7]
[8].

In this paper we present a general method for complex
product design and illustrate it with the application to
robotic products. The method is generic and can be applied
to any technical design. The structure of the paper is as
follows: In section II we address the core of the first step
in a systematic product design, namely the elucidation of
the requirements the robot has to meet. In this section we
also discusses how to structure and manage a catalogue of
demands. In section III we define the three main design
views of a product and their characterisation. Section IV
outlines how the elements of the three design views relate
to the demands and how these relations can be represented
in an easily accessible and incremental way. The benefits
of the method are discussed in section V and we finish
with final remarks in section VI

II. REQUIREMENT ELUCIDATION

A high quality product is one that meets to a high
degree the demands placed on the product. Traditionally
the notion of quality has been limited to the direct demands
of the customer. Such a narrow view of quality is no
longer sufficient in today’s highly competitive worldwide
marketplace. Demands or requirements on a product also
originate from the society in the form of government
regulations, or from the employees of the producer in the
form of workplace safety demands [9]. A product’s stake-
holders are all those people or entities who have an interest
in the product during the various stages of its lifecycle.
Thus the starting point of any elucidation of demands is
to examine the product’s life cycle and to identify the
various stakeholders. Examining the demands of each of
the stakeholder groups together with the product lifecycle
gives an initial structure to the process of identifying and
listing the demands in a catalogue of demands. The types
of stakeholders for a robotic product are similar to those of
any other product. The main stakeholders are: the end users
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Fig. 1. Trend of the number of factory recalls in the German automobile
industry form 1992 to 2002 [11].

of the robot, the owners or shareholders of the enterprise
that makes the robot, the enterprise personnel, and the
society. The demands of each of the stakeholders apply
at different stages of the life-cycle of the product [10].

It follows from the definition of quality that design of
high quality robots has to start, as all other product design,
with an intimate knowledge of the demands that will be
placed on the robot and how these demands propagate from
the whole robot into its subsystems. The many different
subsystems have to blend faultlessly to form the whole
product. The analysis of how the requirement propagate
into the subsystems addresses the notorious problem of
system integration. Robotic system consist of mechanical,
electromechanical, electronic and software subsystems that
interact, compounding the complexities existing in each of
the subsystems. System integration increasingly becomes
the source of faults as product complexity grows, resulting
in low quality products. That this is indeed the case can
be seen form the growing number of factory recalls in the
German automobile industry shown in Figure 1 [11].

Requirement engineering has emerged as a discipline
not only within software engineering but in all the man-
ufacturing and services industries. Collecting a complete
list of demands is a laborious task. Companies have great
difficulties in recording all the demands on a product, to
order, group them, and to take them into account in the
design process [10].

A. Life cycle processes of a robot

The life-cycle of a product is a process that consists
of many concurrent and sequential subprocesses. Each of
these processes is subject to demands from the product’s
stakeholders.

The life cycle of a manufactured product starts with
the product fabrication and finishes with the products final
disposal. Here we will not consider the initial product con-
ception and design as part of the lifecycle as it constitutes
a meta-process, that is, a process at the next higher level,
that shapes the product and its life cycle. The lifecycle of
a robot comprises the following main stages: construction,
use and disposal when there is n longer any use of it.
Following the live cycle of the product helps in identifying

customercustomer L 1L 1

selected

demands

selected

demands enterpriseenterprise

different lists of demandsdifferent lists of demands

product
product

societysociety

marketmarket

L 2L 2

L 3L 3

Fig. 2. Compactation of the demand lists [12].

the main stakeholders. In the construction stage these
are the suppliers, the enterprise owners, the personnel,
and the community (e.g. emissions of the manufacturing
process). During the use phase the stakeholders are: clients
who bought and use the product, community members
affected by someone else’s use of the product( e.g. relatives
of the child that plays with a toy robot), repair service
businesses, and again the enterprise owners and personnel
(e.g. warranty claims, liability). During the disposal stage
the main stakeholders are the user and the community.

A starting point for recording all the demands is to exam-
ine the various stakeholder groups in turn. Lists of demands
tend to be quite long and similar demands may arise from
different stakeholder, although for different reasons. For
example, based on a market analysis of existing educational
robots we assembled a list with the stakeholder’s demands
on robots. The result was a list with 117 requirements from
10 different stakeholder groups.

B. Structuring of requirements

Once a initial catalogue of demands has been collected
it is important to structure it. Demands can be grouped
according to different criteria. The initial grouping ac-
cording to the stakeholders that originate the demands
is generally useful. Experience shows however that often
different stakeholders produce demands that are similar as
illustrated in figure 2. A first step is then a compactation
of the demand list by eliminating redundancies. Drastic
reduction in the number of demands can often be achieved
in this way [10].

The basic technique for compacting the demand list is
the pairwise comparison of the demands that assesses their
correlation. It is important in this compactation that the
information about original sources of each demand is not
discarded. This information may be required in the future
when changes to the product have to be made. It will then
be necessary to be able to trace which stakeholders will be
affected by the change.

It is not uncommon that demands form different stake-
holders are contradictory, in which case the designer needs
to make the decision whether to discard one of the con-
flicting demands or make a compromise. The pairwise
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comparison of the demands will reveal such conflicts at
an early stage.

In our analysis of 19 educational robots we distinguished
4 different types of relations: identical, complementary,
opposite and independent. There are some obvious results
in our comparison. For example there were no conflicts
with legal requirement, which is to be expected since
our analysis was based on actual products on the market.
A conflict would mean a product unfit for the market.
Also there were more interrelations between requirements
from the same group of stakeholders. The pair comparison
is a laborious step, it took 8 person-hours to compare
around 120 requirements. However in this time the design
team gains awareness of the diverse requirements and their
relationships.

When determining the relation to other requirements
there can be interpretation problems. It was useful to sep-
arate the stakeholder customer in three subgroups, that are
customer general, customer student and customer teacher
because there were different views on essentially the same
requirements from these parties. Identical requirements
from different stakeholders should also not be reduced to
one, because several stakeholders can have different inten-
tions with this requirement. For example the requirement
easy to assembleappears as requirement of the stakeholders
customer general, employee and manufacturer. For example
in the case of educational robot kitseasy to assemblefor
the manufacturer means to assemble parts up to sensor
bricks but the customer does not have to assemble sensors,
but assembles bricks up to robots. Another example is the
requirementnoiselessbeing a requirement of the stakehold-
ers customer and manufacturer. The customer wants a robot
which does not makes loud noises while operating. For the
manufacturernoiselessmeans that the production process
does not generate loud noise, so that there is no need for

noise protection equipment for the workers. Unfortunately
the pair comparison can not be automated and has to be
done by people.

III. M AIN PRODUCT VIEWS

There are several useful and complementary views of a
product that a designer can take. Each view highlights a
different aspect. The central part of our method is to relate
each of the views to the requirements and also to relate
the views among themselves. This allows to give structure
to the design information and facilitates its management.
We use the following three views: the functional view, the
structural view and the process view.

A. Functional description of the robot

In the context of an artefact the function is the effect,
purpose or role of the product. The functional description
of a product states what the product does, independent of
how it is actually realised or accomplished. This means that
a particular function may be accomplished in multiple al-
ternative ways. The product functions closely relates to the
demands in that the demands call for the accomplishment
of some effects.

B. Process description of the robot

The functions of the product are realised by the execu-
tion of a collection of processes. Processes are activities of
the physical modules in the product. Processes occur over
a limited time span, they start, run and terminate. Processes
occur coordinated in time, concurrently or sequentially
according to their dependencies. Process B is dependent on
process A if the output of process A is need for process B
to start.

C. Structural description of the robot

The structural description encompasses the description
of the actual physical elements of the product and their
interaction and geometrical relation. The structural descrip-
tion is hierarchical in the sense that it describes the product
as a set of related physical modules, each of which can be
considered as composed of submodules, that in turn can
be described as composition of subsubmodules, and so on,
depending on the level of resolution required.

D. Functional, process and structure catalogues

To aid in the design of a product it is helpful to establish
a catalogue of elements for each of the views. For example
for a mobile robot we can list all the functions a mobile
robot may provide. Likewise we can make a catalogue
of structural modules available for building the robot and
finally also make a list of the processes that realise the
functions. Hierarchical groupings can be found in each of
these lists as illustrated in Figure 4
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IV. RELATING DEMANDS AND FUNCTION, STRUCTURE

AND PROCESSES

A demand specifies or qualifies a function. The function
in turn is realised by a process and the process involves a
set of structural elements. The objective of the design is
to conceive a product that meets the established demands.
Thus it is clearly essential that in the design phase one
has a clear picture of how the function, processes and
structures impact on meeting the demands. If a catalogue
of functions is available the design consists of selecting
the functions that will meet the established demands. The
next step will be to select the processes that realise the
required functions in a demand compliant way, and finally
the demand compliant structural elements need for the
execution of these process.

An appropriate method to describe these relations be-
tween the demands and the elements of each of the
views are connectivity or relationship matrices. We intro-
duce three such matrices, one for relating the demands
to elements of each view catalogue. The entry of the
corresponding row and column is a value that characterises
the relation of a particular view element to a specific
demand. In its simples way the entries are just zero or
one, indicating the presence or absence of a relation. These
matrices are symmetric by construction. Figure 5 shows
the three relationship matrices. Further design knowledge
can be captured by relating elements of the various view
catalogues in additional matrices (Matrices 2, 3 and 4 in
Figure 5).

Although the method of representing design knowledge
with demand and view catalogues is conceptually simple,
the creation of such design catalogues may seem daunting.
It is important to realise that these catalogues can be
established in an incremental way. Moreover, because each
of the catalogues has a hierarchical structure these matrices
can be created at various levels of detail. Finally the cata-
logues do not have to be comprehensive to be useful For
example the method can be applied to a specific subsystem
in which only the relevant parts of the catalogues need to
be created wich makes the method manageable.
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Fig. 5. Description of the relationships between demands and the
elements of the three main view catalogues, as well as interrelation among
the views. [12]

V. BENEFITS OF THE METHOD

The method described above organises and represents
fundamental design knowledge in a systematic way that
is easy to visualise, manipulate and communicate. The
method scales well from the component level to the com-
plete systems level. The data structures of the method,
hierarchical catalogues and matrices, can be built incre-
mentally form several product designs or from component
to component. Although dedicated software for creating,
maintaining and extending the data structures would be
very helpful, the method can be implemented with standard
software such as spreadsheets.

VI. CONCLUSION

By taking a comprehensive view of the notion of quality,
and thereby on the satisfaction of the demands placed on
a product by all stakeholders we devised a conceptually
simple but general method for demand compliant design.
The various catalogues and relation matrices store design
knowledge and link it transparently to the demands. We
have applied these method to analyse and capture design
knowledge from the existing range of educational and
entertainment robots.
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