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Short Summary

Robot systems promise high potential for improvement of production processes
in small and medium-sized enterprises (SME). Often, reliable data for the assess-
ment of costs and benefits of robot systems is missing, because they are special
machinery and because the required information is distributed among compon-
ent manufacturer, system integrator and end-user. The problem of cost-benefit
assessment of industrial robot systems in the face of uncertain and incomplete in-
formation is of high relevance for unlocking the potential of robotics in SME-like
production environments.

In order to solve this problem, methods from business economics and from know-
ledge management in robotics are combined in a cost-benefit model for robot
systems. This cost-benefit model builds on the established PPR-approach, which
separates the concerns of product, process and resources. The PPR-approach
is expanded with specific cost-relevant aspects. Domain specific costing models,
borrowing from activity-based costing (ABC), for product, process, resources and
cost information are proposed. These models and the meta-information required
for their usage are collected in a knowledge base.

The input for the cost-benefit assessment is a description of the current planning
status in AutomationML. This information is matched to the information in the
knowledge base through reasoning. This allows to automatically build an overall
cost-benefit model for the robot system. Missing or inaccurate information causes
uncertainties. These uncertainties are modeled using interval arithmetics. The
overall cost-benefit model is able to process interval numbers and hence to com-
pute on the uncertain information. The interval representation offers an intuitive
description of uncertainties in costs and benefits. An amortization graph allows
to intuitively represent the results of the cost-benefit assessment for the entire
life-cycle.

A test implementation of the cost-benefit assessment method allows an evaluation
of its results for two realistic use cases. The resulting costs, benefits, and project
planning are plausible and in agreement with real experience. Concluding, the
cost-benefit assessment method has high potential to improve decision making in
the development of robot systems.
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Kurzinhalt

Robotersysteme versprechen hohes Potential zur Verbesserung von Produktions-
prozessen in kleinen und mittleren Unternehmen (KMU). Jedoch fehlen häufig
die zur Bewertung von Kosten und Nutzen erforderlichen Informationen, da Ro-
botersysteme Sondermaschinen sind und da diese Informationen auf Komponen-
tenhersteller, Systemintegrator und Endnutzer verteilt sind. Die Problemstellung
der Bewertung von Kosten und Nutzen von Robotersystemen unter Berücksich-
tigung von unsicheren und unvollständigen Informationen ist daher relevant, um
das Potential der Robotik für KMU-Produktionsszenarien zu erschließen.

Um diese Problemstellung zu lösen, werden Methoden aus den Wirtschaftswis-
senschaften und aus dem Wissensmanagement in der Robotik in einem Kosten-
Nutzenmodell kombiniert. Dieses Modell basiert auf dem bekannten PPR-Ansatz
zur Trennung der Aspekte von Produkt, Prozess und Ressourcen, der um kos-
tenrelevante Aspekte erweitert wird. Spezifische, an die Prozesskostenrechnung
angelehnte Kostenmodelle werden entwickelt. Diese Modelle und ihre erforderli-
chen Metainformationen werden in einer Wissensdatenbank gesammelt.

Eingang der Kostenbewertung ist eine Beschreibung des aktuellen Planungsstands
in AutomationML. Durch maschinelles Schlussfolgern werden diese Informationen
mit den in der Wissensdatenbank hinterlegten Informationen abgeglichen. Hier-
durch kann automatisiert ein Modell für Kosten und Nutzen des Robotersystems
erstellt werden. Während des Abgleichprozesses werden fehlende oder unsichere
Informationen mit Methoden der Intervallrechnung modelliert. Das resultierende
Kostenmodell kann diese Informationen verarbeiten und bietet dadurch eine in-
tuitiv verständliche Beschreibung der Unsicherheiten von Kosten und Nutzen des
Robotersystems. Zur Darstellung der Ergebnisse wurde ein Amortisationsgraph
entwickelt, der einen Überblick über den gesamten Lebenszyklus erlaubt.

Die Testimplementierung der entwickelten Methode erlaubt deren Evaluierung
für zwei Anwendungsfälle. Die durch das Kostenbewertungssystem erzeugten Ab-
schätzungen von Aufwänden, Nutzen und Projektplanung sind plausibel und in
Übereinstimmung mit Erfahrungen aus der Praxis. Zusammenfassend hat das
Verfahren zur Bewertung von Kosten und Nutzen hohes Potential, die Entschei-
dungsfindung bei der Entwicklung von Robotersystemen zu verbessern.
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1 Introduction

During the emergence of industrial robot systems in the second half of the last
century the automation of processes using industrial robots was seen as a univer-
sal cure for reducing manufacturing efforts. However, over time it became evident
that, for many processes, robot systems do not form a basis for cost-effective
solutions. Typical problems preventing cost-effective automation are high variant
spectrums, small lot sizes, and interfusing processes that are easy to automate
with processes that require significant development efforts for automation, hand-
ling of flexible parts being an example of the latter.

This is why most robot systems today can be found in mass production, especially
in the car industry (Litzenberger, 2015). An increase of the use of robot systems in
small and medium-sized enterprises (SME) is expected in the coming years. This is
facilitated by modern information technology that allows reducing reconfiguration
efforts of robot systems, in particular reprogramming efforts. These capabilities
are essential for cost-effectively using robot systems in the production of SMEs
because here reconfiguration is often carried out many times during the life of
the robot system (see Figure 1.1). New types of robot systems are currently
developed and implemented for these SME-type usage scenarios (Ajoudani et
al., 2018; Krüger et al., 2009; Khatib, 2019). These robot systems feature new
technologies such as direct human-robot collaboration, assistance to the worker
and rich sensor systems for support of robot system reprogramming. They promise
relief for small and medium-sized companies from manufacturing problems by
offering more flexibility. These new SME-type robot systems potentially offer
the ability to react more quickly to customer needs, changing demands, shorter
product life-cycles and to reduce delivery times. Moreover, they promise to lower
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the dependence on availability of skilled personnel, in particular in the face of
impending demographic change. Furthermore, often cost savings can be achieved
by reducing product variations through robot-based automation of processes.

Robot system in mass production

Development

Configuration

Production

Robot system in small and medium lot size production

High gain through performance optimization

Overall efficience of

configuration and production

decisive

t

t

Figure 1.1 Comparison of use of robot systems in mass production and small and me-
dium lot size production.

1.1 Motivation

As production scenarios and the robot systems carrying out the production task
become more varied, the assessment of cost-effectiveness of those solutions needs
to take into account additional factors, in particular flexibility and reconfigurab-
ility. This problem is exacerbated by several factors.

1. The lack of data for the assessment of advanced robotic solutions. The lack of
historical data is a general hindrance for the widespread application of total
cost models for the procurement of capital equipment (Hofmann et al., 2012).
This factor is particularly important as robot systems are usually tailored
solutions for one specific application scenario and therefore only built once
or a few times.
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2. The market for robot systems is fragmented and several, highly-specialized
stakeholders, namely component suppliers, system integrators and end-users,
are involved in building robot systems. This specialization on different as-
pects allows the creation of high-tech solutions, but leads to a lack of market
consolidation in terms of economic and technical data.

3. New technical capabilities such as sensor based robots or advanced human-
machine interfaces are costly to develop and integrate. The benefit of these
features arises during the usage of the robot system and in particular if the
application scope of the robot system changes. For a proper assessment of
the benefits of such features in the development of the robot system, their
effect over the complete life-cycle needs to be made transparent.

4. SMEs often lack experience and enterprise resource planning (ERP) systems
with a sufficient depth and the resources to maintain them (Teittinen et al.,
2013). Therefore, often the required data to assess the cost-effectiveness of a
robot system prior to its implementation is lacking.

5. The risk associated with design decisions is not transparent in today’s cost
calculations. The term design decision here refers to choosing a particular
system concept, component or construction principle of the robot system. If
at all, several scenarios are computed to obtain a rough understanding of the
sensitivity with respect to input parameters.

The fragmentation of the market (item 2 above) for industrial robotics has con-
sequences on innovation. According to Coase, 1937, the emergence of companies
is caused by an imbalance of internal costs and transactions costs. It is assumed
that the robotics industry is stuck in this fragmented state as long-term relations
between component supplier and system integrator lower transaction costs. This
in turn prevents system integrators from growing sufficiently big to benefit from a
lowering of internal costs resulting from direct access to internal component tech-
nology. The computation of different scenarios (item 5 above) is time-consuming
as it is typically carried out manually. Often, the variation of parameters is not
carried out systematically. Consequently, it is not sufficient for obtaining a good
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understanding of the effects of design decisions on the cost-effectiveness over the
entire life-cycle. A closed representation of the effect of variations in the input
parameters would be beneficial in order to assess the risk associated with the
system realization.

The motivation of this thesis is to alleviate the problems mentioned above by
establishing methods and tools that allow the assessment of the cost-effectiveness
and benefits of robot systems and their features. This motivation is the first
problem statement concerning costs from a system-integrator point of view for
SME-like robot systems.

1.2 Objectives

This thesis aims at modeling the typical cost structure of industrial robot systems
over their complete life-cycle including development and commissioning efforts.
The developed model and methods for its evaluation shall allow system integrators
and end-users to:

◦ assess costs and benefits with uncertainties in input parameters and obtain
an understanding how these uncertainties influence the profitability of the
investment,

◦ use data from past projects for cost items that cannot be determined before
building the robot system,

◦ make informed decisions on the design of a robot system and its required
feature set for a specific application, and

◦ compare the economic benefit of a robot system to other alternatives, i.e.
other automation solutions, manual production or outsourcing.

Three main components are required for achieving these objectives and over-
coming the above mentioned limitations in current cost computations for robot
systems:
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1. A cost model that allows to model key economic factors (cost and benefits)
and their relation to the composition and usage of the robot system.

2. Methods for coping with uncertainties in the entire cost-benefit model.

3. Methods for data management in order to combine design data of a specific
robot system with data from past projects and project unspecific data. These
methods are required in order to parameterize the cost model with as little
manual data input as possible.

This thesis takes the approach of combining methods from two scientific fields.
Firstly, it builds on cost analysis methods from business economics. These meth-
ods are combined with approaches for knowledge management and uncertainty
handling from the field of robotics. The aim is obtaining a cost-benefit model
that is sound with respect to costing terms, spans the entire system life-cycle,
and is sufficiently detailed to model typical cost-causing activities in the develop-
ment and usage of robot systems. For that purpose, different methods in business
economics are analyzed with respect to their applicability and shortcomings in
terms of modeling of specific robotic aspects. These methods are combined with
approaches for structuring information and handling knowledge in the domain of
robotics. The approach is to combine the high-level structure and formal rigor
of economic costing methods with methods for knowledge handling and with the
low-level system structure from robotics. This yields a cost-benefit model that
allows the analysis of cost and benefits of different design alternatives in robot
systems during the development process.

1.3 Scope and applied method

The main focus of analysis in this thesis is on system integration aspects and
the work of the system integrator. The assessment addresses costs and benefits
that can be directly quantified in currency units as they are directly related to
consumption or saving of human resources, commodities or energy (Figure 1.2).
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Due to this focus a strong emphasis is placed on modeling the activities for real-
ization of robot systems. The views of other stakeholders and other dimensions
of Figure 1.2 are also touched but handled in less detail. Operational aspects at
the end-user are covered, but the focus here is obtaining a rough assessment of
costs and benefits of the usage in production. This assessment allows covering the
full life-cycle and therefore to offer decision support in early design phases. The
applied level of detail for operational aspects at the end-user is much lower com-
pared to existing work and common practice in operations research. The analysis
of costs and benefits also includes information from component manufacturers as
an input for modeling integration aspects and their costs. Component manufac-
turers are not targeted as users for the cost-benefit model though. The analysis
does not address distal-monetary benefits, for example strategic advantages or
benefits due to increase sustainability, for instance the decrease of environmental
impact or the improvement of ergonomics.

System 

integrator

Component 

manufacturer

End-user

Cost computation

Operational benefits

Stakeholder views

Strategic benefits

Sustainability benefits

D
im

en
si

o
n
s Scope of work

Figure 1.2 Positioning of the scope of this thesis in terms of stakeholders and dimen-
sions of cost and benefit.

The intended usage scenario of the proposed cost-benefit assessment tool is de-
cision support in early life-cycle phases of the robot system. In particular this
concerns decision support during contract negotiation, design and integration.
The aim is to analyze cost and potential benefits of using the analyzed robot sys-
tem and reflect this information back into the design process to improve design
and purchase decisions. The system integrator is the main user of the results.
It can use the cost-benefit assessment tool to improve decision making in pricing
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and system design. Additionally, it might use the model to convey benefits of the
proposed robotic solution to the end-user.

The cost-benefit model quantifies benefits in terms of cost and cost-savings com-
pared to an existing or alternative solution, which acts as a benchmark. It assumes
a certain type, volume and mix of parts that needs to be produced by the robot
system or the benchmark to compare the costs of both options.

The proposed cost-benefit model is evaluated by creating a benchmark imple-
mentation and by validating the results for two use cases that are typical for
robot applications in SMEs - gas metal arc welding and machine tending. With
these use cases, it can be assessed if the cost-benefit model produces plausible
estimates for cost, benefits and realization time of the robot system. No formal
validation of the cost-benefit model can be achieved with this approach. However,
the validation with two use cases shows that it is possible to model the costs of
components, integration and usage of SME-like robot systems with the proposed
model structure, knowledge representation and uncertainty description.

This thesis is structured as follows. Chapter 2 gives an overview of the state of the
art, and provides background required for an understanding of the developed cost-
benefit assessment method. In Chapter 3, the problem of this thesis is analyzed
in the face of the state of the art and requirements for the cost model and related
components are given. The general design of the cost-benefit model developed
here is introduced in Chapter 4. Chapter 5 lists typical model formulations for
robot systems that allow to describe cost-causing activities during system integ-
ration and usage. The implementation details for the cost models and related
components are outlined in Chapter 6. The results of the costing method for
typical examples are shown in Chapter 7. The thesis is concluded in Chapter 8
and its main contributions are states. An outlook for further research is given.
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background

The work reported here is multidisciplinary and combines methods from business
economics and knowledge engineering in robotics. Figure 2.1 shows the fields of
activity and domains that are used for achieving the aims of this thesis. Meth-
ods for assessing costs and benefits of robot systems are needed for obtaining
quantitative results. Management accounting and capital expenditure budgeting
reflect the managerial view on the problem and provide methodical grounding for
cost-benefit assessment. Costs and benefits are computed by using models of the
efforts caused by realizing and operating a robot system. Capital expenditure
budgeting also employs simple models of cost creation, in particular for the use
of purchased assets. Existing approaches in modeling of manufacturing systems
and engineering design provide algorithms for modeling cost creation. In order to
build these models, methods for describing and managing the knowledge on ro-
bot systems as a whole are required. The cost-benefit calculations need to reflect
the inherent uncertainty. Hence, methods and mathematical formalisms for de-
scribing uncertainty are required for modeling as well as cost-benefit assessment.
The state of the art in these domains of knowledge is introduced in the following
sections.
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Representation and processing of uncertainties
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knowledge 

management
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Cost modeling in engineering 

design

Management 

accounting

Capital expenditure budgeting

chap.2.2

chap.2.3

chap.2.4 chap.2.1.2

chap.2.1.1

Figure 2.1 Relevant knowledge domains for cost-benefit assessment of robot systems.

2.1 Accounting and capital budgeting

Numerous approaches for cost-assessment in production exist. These approaches
mainly stem from the fields of management accounting and capital budgeting.
Management accounting is concerned with determining the production cost of
products. Capital budgeting is applied for making investment decisions.

Figure 2.2 gives an overview of the methods that are introduced in the following
sections. In management accounting traditional accounting methods and con-
trolling frameworks are distinguished. Traditional accounting frameworks focus
on breaking down costs to products and organizational units of the company and
generating financial statements. Controlling frameworks are intended to support
decision making with accounting information. In capital expenditure budgeting
static and dynamic methods are distinguished. Dynamic methods take into ac-
count the time value of money, while this factor is neglected by static methods.
The point of view of this thesis is more technical when compared to most work in
business economics. Each subsection in this section summarizes remaining issues
from this viewpoint.
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Figure 2.2 Overview of analyzed accounting methods.

2.1.1 Management accounting

A key problem in industrial companies is how costs are allocated to products
such that the efforts caused by the production of these goods are reflected. While
costs directly related to the product, for example material cost, can be easily
distributed, this is not easily possible for indirect costs, for instance infrastructure
costs. Similar problems occur for investment decisions. Here costs resulting from
the investment have to be distributed to products. Management accounting is the
discipline that is concerned with a solution for the dilemma of cost distribution.

Management accounting traditionally distinguishes total absorption costing prac-
tices and marginal costing practices. Total absorption costing practices allocate
all types of cost to products and services. Marginal costing practices only alloc-
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ate variable costs to the cost object, that are directly and causally linked to the
product or service.

Total absorption costing

Total absorption costing assigns all costs including all overhead costs to cost
centers. Indirect costs have to be distributed on the basis of a distribution key
in a process called apportionment. In primary apportionment, indirect costs are
distributed to single cost centers. In secondary apportionment, the costs of non-
production cost centers are distributed to production-related cost centers. The
main criticism of total absorption costing is that costs are not distributed based
on a causal relation. Total absorption costing is less targeted towards making
decisions in order to optimize the companies profit, but rather targeted towards
external reporting as reported by Polejewski (2013a).

Marginal planned cost accounting

Grenzplankostenrechnung (GPK) (Kilger et al., 2012) or also called Marginal
Planned Cost Accounting is commonly applied in Germany and increasingly pop-
ular in North America. Marginal cost refers to the increase in total cost in case
of an increase of the produced quantity by one. In GPK, only indirect and direct
cost that are linked to products and services are attributed to the product. These
costs are used to determine the proportional cost per cost item, which gives a
first indication regarding the products’ profitability mostly suited for short term
decisions. Fixed cost are not assigned to the cost objects but evaluated as a
block in the profit and loss calculations. This addresses one of the main criticism
with respect to total absorption costing where the inclusion of fixed costs leads to
wrong decisions as these cost typically cannot be influenced on the short term. For
instance, the distribution of fixed cost to products often results in negative con-
tribution margins of products disguising the fact that elimination of this product
will not increase profit if the respective capacity cannot be released. GPK has
the main aim to facilitate short-term decisions, e.g. regarding marketing measures
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or process decisions in manufacturing. This fact and the good standardization in
common software are amongst the main criteria for success of GPK as reported
by Sharman et al. (2004).

According to Friedl et al. (2009), the core elements of GPK are cost-type account-
ing, cost center accounting, product cost accounting and contribution margin ac-
counting. Cost-type accounting distinguishes the proportional cost, i.e. costs that
are causally linked to the products and services and fixed costs that cannot be
assigned to single cost objects. Cost centers establish organizational elements on
which actual cost and budgeted cost are regularly compared to evaluate perform-
ance. These cost centers also bear the managerial responsibility for these costs.
Besides accounting on the cost center level, costs are controlled on the product
level. Contribution margin accounting is concerned with determining the contri-
bution of single products to fixed costs and profits. In a first step, the margin per
product after deduction of proportional costs from revenues is computed. After
that, fixed costs are deduced in the calculation en-block. The computation of
fixed costs is often carried out on different levels, e.g. product, product group,
organization. The implementation and maintenance of GPK systems causes con-
siderable effort. According to Krumwiede (2005) this is primarily the case because
they require detailed planning down to the level of single cost centers.

Activity-based costing

As non-fixed indirect costs constantly increased and eventually surpassed direct
costs in particular due to an increase of complexity in production, new methods in
costing emerged to address this problem. Activitiy-based costing (ABC) as a term
is defined by Edwards (2012) as a costing approach centered around monitoring
resource consumption for achieving final outputs. It assigns resources to activities
and those activities to cost objects. The cost objects use cost drivers to model
activity costs dependent on the outputs. According to Kaplan (1997), ABC helps
to answer four key questions: why money on indirect and support resources is
spent (activity dictionary); how much an organization is spending on each of its
activities (cost drivers and unit costs); why these activities are performed; how
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much of these activities are required for each product, service or customer. To set
up an ABC system in a company, extensive data collection efforts are required
for obtaining data on how much resources an activity consumes (Kaplan et al.,
2004). Only this allows obtaining values for the unit cost of a cost driver. Cost
drivers can either be transactional, i.e. counting the number of occurrences of an
activity, duration-driven, i.e. counting the time effort for a certain activity, or
intensity-driven, i.e. counting the time and intensity effort of an activity.

ABC emerged from total absorption costing and allocates costs related to the exe-
cution of activities depending on the degree of usage (Staubus, 1990). As outlined
by Kaplan et al. (2008), its aim is to determine measures for cost and profitab-
ility of products and processes in order to support decision making. ABC takes
the perspective that all costs are variable when seen in long perspective (Per-
kins et al., 2011). According to Neely et al. (1995), ABC in particular helped
to shift the focus of cost accounting towards operative decisions rather than re-
porting. Therefore, ABC helps to deal with the shrinking percentage of direct
labor cost when compared to product cost and increased complexity of the mar-
ketplace and production. ABC has in particular been popular in the United
States, but was abandoned by many companies due to the effort for introducing
and maintaining the system and a lack of standardization and commonly used
software tools (Sharman et al., 2004). In Germany, the approach was adapted
as Prozesskostenrechnung (Horváth et al., 2011) centered around processes as a
collection of cost-causing activities that may span different cost centers.

Kaplan et al. (2004) further developed the approach of ABC into time-driven
activity-based costing (TDABC). TDABC in particular addresses the high cost
associated with the introduction and maintenance of original ABC systems. In
TDABC, time-based unit costs are estimated based on the practical capacity of
the employed resources. This time-based unit cost is then used together with time
estimates for the activities to distribute costs to the activities.
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Resource consumption accounting

Resource consumption accounting (RCA) (PAIB, 2009) is a combination of GPK
and ABC. It has been developed in order to address common criticism regard-
ing the cost and benefit of ABC. RCA establishes rules and limits on the use of
ABC (Van der Merwe et al., 2002; Clinton et al., 2004). RCA utilizes the approach
taken by GPK to distinguish proportional and fixed cost and only assigns cost to
single cost objects that are casually linked (Perkins et al., 2011). Cost drivers in
RCA can be traditional or activity-based integrating aspects of ABC (Clinton et
al., 2004). According to Polejewski (2013b), RCA is characterized by three main
principles. Firstly, RCA uses cost centers that are homogeneous with respect to
the employed resources similar to GPK. Secondly, RCA uses a quantity-based
model similar to ABC instead of directly distributing cost to products and ser-
vices. Thirdly, like GPK, RCA distinguishes proportional and fixed cost and only
proportional cost that are causally linked to products are distributed to cost ob-
jects. As the maximum capacity of resources is used as calculation basis, idle
resources can be accurately identified when using RCA.

Further approaches in management accounting

Target costing is a marginal costing approach that aims at achieving cost prop-
erties of products or services that allow to achieve certain target profit mar-
gins in the market. The target cost is determined by subtracting the desired
profit margin from the desired competitive market price.

Project accounting is an accounting approach used in project management.
While standard management accounting methods aim at determining the
financial performance of organizational elements of the company, project ac-
counting aims at assigning direct and indirect costs to projects. The mo-
tivation of this thesis is highly aligned with the rationale behind project
accounting as the commissioning and operation of an automation solution
can be seen as development and procurement project.
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Balanced scorecards is a method for holistic review of objectives in an organiz-
ation. According to Kaplan et al. (1992), balanced scorecards offer managers
the possibility to reflect the performance of a company with respect to differ-
ent aspects. Most common are the perspectives financial, customer, internal
business process, and learning or growth. Therefore, the balanced scorecard
method leads managers to reflect the view of customers and investors on the
company. Furthermore, it answers the question, in which areas the company
must excel and how the company can improve and create additional value.
The method is rather a tool for reviewing organizational performance than
an accounting method or tool for measuring cost effectiveness.

Summary of management accounting tools

Management accounting tools offer a general, well grounded framework on how
cost can be distributed to different cost objects. However, the methods do not sup-
ply dedicated knowledge on how the cost generation can be modeled accurately, in
particular during the design phase of special machinery. Typically, methods from
management accounting assume that the investment cost and performance para-
meters of the robot system are known. Therefore, they miss a critical life-cycle
phase that is defining for the overall cost effectiveness of special machinery, as
they do not look into the design and integration phase. As will be outlined in the
following section, some capital expenditure budgeting methods offer a framework
for analyzing cost and benefit in different life-cycle phases of a machine.

2.1.2 Capital expenditure budgeting

Capital expenditure budgeting aims at assessing investment alternatives in terms
of the value created for the investing company. The question whether an invest-
ment into new production equipment is favorable from an economic point of view
is a central decision problem for all industrial companies. The technical advant-
ages of new machinery have to be assessed in economic terms and compared to
alternatives to justify the investment. This field has been researched top-down for
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a long time with a strong focus on operational aspects. Typically, static methods
and dynamic methods are distinguished in capital expenditure budgeting. Con-
trary to static methods, dynamic methods take into account the present value
of cash flows by discounting future cash flows with a calculatory interest rate.
Dynamic methods, in particular internal rate of return and net present value, are
most popular in industrial practice (Ryan et al., 2002; Pike, 1996; Graham et al.,
2001). Apart from this differentiation, the focus has been shifted on the entire
life-cycle as costs during usage are defined in early phases of an investment pro-
ject. In this context, life-cycle costing (LCC) and total cost of ownership (TCO)
have emerged to reflect the change in scope of capital expenditure budgeting.

Static methods

The comparative cost method compares the cost associated with different in-
vestment options. The comparison either compares the cost accrueing during a
certain time interval or the cost per output piece. Typically, the comparative
cost method takes into account the asset depreciation, cost of capital and usage
cost. The profit comparison method is similar to the comparative cost method,
but compares the profit resulting from different investment options. The pay-off
method, a static method, is commonly applied in order to determine the time in-
terval for an investment required to pay back the invested money. The Accounting
Rate of Return (ARR) computes the return of an investment by comparing the
yearly income related to an investment with the bound capital. ARR does not
consider the time value of money. As static methods offer limited expressiveness
due to the failure to recognize the time value of money, they have become uncom-
mon in industrial practice (Ryan et al., 2002). However, static methods are still
employed to obtain quick forecasts for expected returns of investments.

Dynamic methods

Two main decision rules are applied in dynamic capital budgeting: Net Present
Value (NPV) and Internal Rate of Return (IRR). Both approaches rely the dis-
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counting of cash flows over time. With the Discounted Cash Flow (DCF) method,
each cash flow is discounted up to a common time base in order to reflect the dif-
ferent values of cash flows depending on their time of occurrence. The discounting
of a cash flow C in year i with the commonly used exponential method follows
the formula:

NPV = Ci

(1 + q)i
, where q is the discount rate. (2.1)

NPV The NPV decision rule is very common in industrial practice (Ryan et al.,
2002). For the NPV, all cash flows related to an investment are discounted
to the present with a calculatory interest rate q. The calculatory interest
rate should reflect the company’s cost of capital plus a risk adjustment rep-
resenting the inherent risk of the project regarding future cash flows (PAIB,
2008). An investment with a positive NPV creates value in the company.
With the Certainty Equivalent Method individual cash flows are adjusted to
risk free cash flows applying an individual risk assessment. These risk free
cash flows are then discounted with a calculatory interest rate not including
project risk. NPV is an absolute measure as it indicates the absolute value
in currency units that is generated by an investment.

IRR The Internal Rate of Return (IRR) is the interest rate that leads to an NPV
of zero. The IRR is closely tied to the opportunity cost of the investment
decision. The funds to be used for investment could also be invested at an
assumed discount rate if the investment is not made. Therefore, the return
of the investment has to surpass this assumed discount rate before being of
interest. In contrast to NPV the IRR is a relative measure as it indicates the
profitability of an investment with respect to the invested sum. Hence, when
a small investment with a higher IRR is compared to a large investment with
a lower IRR the NPV of the large investment might still be higher. This is
because, despite its higher profitability, the smaller project might generate
less absolute value due to its smaller size.

EVA The Economic Value Added (EVA) is the difference of the profit, i.e. net
operating profit after tax, and the costs for capital and therefore a measure
for the increase of company value for the owner (Mäkeläinen, 1999). It is
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a measure for the value created by an investment, e.g. a machine. While
originally being a financial performance metric, EVA can also be applied to
investments as it puts the returns achieved from an investment in relation to
the cost of financing this investment.

PI The Profitability Index (PI) denotes the quotient of the present value of all
future cash flows and the initial investment in the asset. A PI of 1 indicates
break even. PI is in particular useful for ranking different investment options.

Discounted Payback When using the Discounted Payback method the payback
of an investment as the point in time at which the sum of all cash flows
becomes zero is computed. The Discounted Payback method discounts future
cash flows making it a dynamic method.

EAC The Equivalent Annuity Method or Equivalent Annual Cost (EAC) refers
to the yearly cost of owning an asset over its entire life span. It is computed
by dividing the NPV by the present value of the annuity factor. EAC is in
particular useful when assessing different investment options with differing
life spans and similar risk.

Dynamic methods from capital expenditure budgeting form an established and
accepted basis for the evaluation of cost and benefits of capital intense investments
like robot systems. The above mentioned methods can be applied for accumulat-
ing costs and benefits that can be measured as cash flows along the life-cycle of the
robot system by discounting them to a common point in time and adding them.
In particular the NPV and IRR decision rules are established and well known by
many decision makers. The NPV is favored as a measure, because the aim of this
thesis is the comparison of the absolute value generated by an investment.

Life-cycle costing

A key question in capital expenditure budgeting is how costs are structured so
all relevant cash flows are taken into account. Traditional approaches typically
focus on the direct investment cost and compare that cost to the return that is
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obtained from using the investment. Life-cycle cost (LCC) oriented approaches
shift the focus of investment decisions away from the directly visible costs such as
purchase price to an assessment of the total cost occurring due to the use of the
investment over all phases of the life-cycle. This includes for example engineering
costs, costs for adaptation of the production site, ramp-up costs, maintenance and
repair cost as well as disposal cost. LCC allows the purchasing company to get
an understanding of real costs of an invest decision and to make decisions that
optimize the cost and benefits in a holistic way.

Total cost of ownership (TCO) (Ellram et al., 1998) expands the focus of LCC
to the interaction between the investing company and suppliers (Hofmann et al.,
2012). TCO expands LCC by including indirect costs such as cost for supplier
selection, qualification of suppliers, transportation and receiving inspection. Ac-
cording to Ellram et al. (1998), TCO is most frequently used for capital intense
purchase decisions such as the investment in manufacturing equipment. Other
uses include make or buy decisions, repetitive purchases, selection of components
for own products, and process optimization by identification of the real cost of
certain process steps. The initial effort to set up TCO is often cited as a mayor
hindrance. Zachariasen et al. (2011) propose that TCO models should take into
account the relation of supplier and purchasing company, as many of the indirect
costs depend on this relationship. Ferrin et al. (2002) conducted a study on the
use of TCO in organizations. They suggest that core cost drivers that are relev-
ant for TCO calculations for all commodities and products exist while the models
need to be augmented by cost drivers specific for the respective purchased item.

When talking about cost-assessment tools for automation, different viewpoints
need to be distinguished:

◦ Decision-making support for investment decisions from the view of the end-
user.

◦ Decision-making support for machine utilization from the viewpoint of the
end-user.
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◦ Decision-making support for design decisions for the machine development of
the machine-producer.

Most costing approaches take the view of the end-user to support his investment
decision. Several tools and methods specifically targeted at robotics and auto-
mation exist for this decision support problem. In the European research project
SMErobot, an LCC tool (Lerch et al., 2010) was developed to assess the cost
effectiveness of robot solutions in SME environments, in particular in comparison
with manual production. This tool captures data on:

◦ operational aspects of the SME, for example number of shifts, days of oper-
ation and work times,

◦ data on the existing production of the SME (i.e. typically using manual
labor),

◦ cost parameters related to purchasing of the robot system,

◦ operating costs of the robot system, and

◦ quality aspects of the manufacturing process.

The splitting of input data into different categories is meant to facilitate input by
different experts from different companies as one expert can be assigned to each
domain depending on his specific area of expertise. The tool supports the analysis
of sensitivity for different financing options of the robot system. The approach is
directed at decision support for machine procurement.

Fraunhofer IPA and ISI conducted the study Effirob (Hägele et al., 2011) on
the cost-effectiveness of service robot solutions. For this purpose, a dedicated
LCC tool and an underlying method were developed. The approach differentiates
service oriented and industrially oriented scenarios. For service oriented scenarios,
the performance is usually measured as the result of this service, e.g. cleaning
performance in cleaned surface or inspection performance in meters per hour. In
industrial scenarios, the output is usually the result of an industrial process, e.g.
assembled parts.
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The German Engineering Federation (VDMA) developed an LCC specification
for machinery (VDMA 34160-06, 2006) and a computation tool implementing
this specification. The tool is dedicated to machine suppliers for presenting the
economic data of their machinery to prospective customers and justify price premi-
ums that may pay off quickly during machine usage. The applied life-cycle model
contains preparatory tasks, machine operation, and further utilization of the ma-
chine. The specification contains an extensive listing of relevant cost types for the
computation of life-cycle costs for machinery. Therefore, the user has to supply
input data on many cost items throughout the life-cycle of the machine. The spe-
cification takes a machine buyer’s view and does not cover system development
and installation efforts that are typical for robot systems. This LCC tool does not
track uncertainties in input cost data and is not connected to engineering models
of the machinery.

The German Electrical and Electronics Manufacturers’ Association (ZVEI) (Birk-
hofer et al., 2012) points to the costs that are caused due to the different life-cycles
of automation systems, their components and subcomponents as the life-cycle of
automation systems is usually considerably longer than that of their components.
Due to reuse, the life-cycle of automation systems is becoming longer which in
turn requires a life-cycle based approach to assessing investments.

Preventive and scheduled maintenance contribute significantly to the cost over
the life-cycle of a system (Lauven et al., 2010). Fleischer et al. (2007) combined
life-cycle costing methods with Monte-Carlo methods (see also Section 2.2.2) in
order to estimate maintenance cost over the entire machine life-cycle. In partic-
ular, the cost for corrective maintenance over the life-cycle is hard to determine
and depends on different reliability measures. Mannuß et al. (2012) propose the
execution of a combined design and availability FMEA (CDA-FMEA) to generate
the respective input for the life-cycle model.

Most LCC methods do not take into account that design decisions made in early
life-cycle phases have a strong influence on cost in subsequent life-cycle phases.
This dependency is particularly strong for special machinery where numerous
design parameters exist. Furthermore, LCC methods typically require the provi-
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sion of large amounts of input data and fall short in integrating knowledge from
different stakeholders and in handling uncertainties.

Conclusions about capital expenditure budgeting methods

Both static and dynamic capital accounting methods focus on how cash flows and
value transfers influence the profitability of investments, but do not track how the
height of these cash flows is connected to technical properties of the purchased
asset. This view works in case that there is a discrete number of alternatives with
different price performance trade-offs, for example when purchasing a machine
tool and different manufacturers offer machines in the range of interest. However,
in special machinery, there are countless decisions regarding the nature of the
machine that are taken in the design phase. All these decisions influence the
required investment, risk, and also performance of the machine in production.
To properly assess the optimal investment alternative for special machinery, an
integration of methods from capital budgeting into the design process of robot
systems is required as proposed by this thesis. For this purpose, the NPV method
seems to be most suitable as it is straight forward to compute and widely used.

2.1.3 Cost considerations for flexible manufacturing
systems

Flexible manufacturing systems (FMS) are manufacturing systems that allow the
reaction to changes in product or market in a flexible manner. FMS have been a
very active area of research in conjunction with the computer integrated manufac-
turing (CIM) approach during the 1980s. The evaluation of the cost effectiveness
for FMS has similar challenges to the evaluation of the cost effectiveness for robot
systems. An active area of research has been to find optimal strategies for use of
FMS in coexistence with traditional manufacturing systems.

Rezaie et al. (2007) proposed an objective function and constraints for the op-
timization of the implementation strategy of FMS. Their model includes costs for
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implementation and for machine reconfiguration for new products. However, the
model does not contain a cost assessment for the FMS during the usage phase.
Ramasesh et al. (1997) proposed a methodology to take into account flexibility
of production solutions in discounted cash flow (DCF) analysis. An objective
function and constraints are used for simulating the NPV of the optimal cash
flows. Different levels of flexibility that are subject to a probabilistic distribution
of the manufacturing environment are taken into account in the analysis. The
authors classify flexibility as product-mix flexibility, volume flexibility, material
flexibility, machine flexibility, and innovation flexibility with respect to process
and product.

Kulatilaka (1988) argues that typical evaluation methods such as NPV are not
suitable for evaluating highly flexible systems as they do not reflect the proper
value of flexibility. The author proposes a dynamic model to incorporate the value
of flexibility in the capital budgeting process. For this purpose, different oper-
ating modes, switching cost and profit functions are defined for the FMS. Using
an analogy from financial options, the value of flexibility can be determined and
optimal switching decisions can be made over the life-cycle of the FMS. Kulatil-
aka notes that design and cost assessment have to be conducted concurrently as
operating modes depend on design decisions taken for the FMS.

Koren et al. (1999) highlight the productivity limitations of FMS and propose
reconfigurable manufacturing systems (RMS) as a new alternative where recon-
figuration of the plant and machines are designed into the system. They argue
that the ability to upgrade the system at later times and the extended life-cycle
helps to reduce overall life-cycle cost.

Fine et al. (1990) derive a model for the trade-off between cost and flexibility
in FMS which consists of a two-stage stochastic problem. The first stage is an
investment decision concerning uncertainty in the actual product demand. In the
second stage, the manufacturing operations are optimized with known product
demand under the constraints imposed by the investment decision. Fine and
Freund carry out a sensitivity analysis with respect to the investment cost of
the system and demand fluctuations. This analysis shows that the correlation
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between risk and demand of different products is complex and hard to predict by
an expert without decision support.

Kaplan (1986) notes that FMS are hard to justify using capital expenditure
budgeting methods such as DCF. One reason identified by him is unrealistically
high assumptions regarding profit rates of the investment which are unjustified
by the cost of capital and the neglect of intangible benefits. Kaplan proposes that
for FMS projects with negative NPV, the managers should evaluate how much
they expect the intangible benefits to be worth per year and recalculate the NPV
using this figure.

Aggarwal et al. (1991) propose to use a method called Adjusted Net Present Value
(ANPV) for capital budget decisions regarding FMS. ANPV takes into account
intangible benefits such as strategic advantages, better reactivity to customer de-
mands and increase of market share. However, no details on quantification of cash
flows for these intangible benefits are given. They argue that most importantly
the implicit assumption of NPV methods of no response by competitors does not
hold and a potential loss of market share in case of no reaction regarding flexibility
should be included in the capital expenditure budgeting decision.

Concluding, most of the found approaches for evaluating the cost effectiveness of
FMS focus on the optimal strategy for investing in and using FMS. The work
on FMS seems mostly address general, generic measures of flexibility and not to
discuss specific approaches for creating this flexibility on technical levels and their
implication on cost effectiveness. For the problem at hand, one major challenge
resides in making design decisions that govern the level of flexibility and recon-
figuration cost of the robot system. This aspect was found to be inadequately
addressed in existing approaches for FMS. The existing work on FMS can con-
tribute to the objective of this thesis by providing metrics for the evaluation of
design decisions.
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2.2 Uncertainties and related arithmetics

Uncertainties and their relations play an important role in many disciplines of
engineering, finance, and economics. In the following, common approaches for
classifying uncertainties and risk are presented. Furthermore, methodical frame-
works for treating uncertainties in system analysis and decision making as well as
mathematical descriptions of uncertainties are introduced.

2.2.1 Classification of uncertainties

One common distinction of uncertainties found in literature is between so-called
epistemic and aleatory uncertainties (Helton et al., 1996). Epistemic uncertainties
relate to not knowing the value of a quantity that is assumed to have an exact
value. Uncertainties stemming from an inherent randomness of the underlying
quantity are called aleatory uncertainties. Epistemic uncertainties are strongly
related to the concept of risk. In the design and operation of robot systems, both
types of uncertainties are typically mixed. For example, the exact cost of certain
resources, such as test parts or labor are well defined, but typically can only be
determined with limited level of certainty. Therefore, these quantities are subject
to a certain level of epistemic uncertainty. The effort for certain activities is
related to the ability of the integrator of identifying problems during integration or
hardware faults which are inherently random. Therefore, the required integration
effort is subject to aleatory uncertainty.

Nilsen et al. (2003) study model uncertainty, i.e. the description of uncertainty
introduced through the deviation of real world and system model, in the context of
risk analysis. They offer two interpretations of risk modeling. Firstly, the classic
interpretation views the uncertainty in model inputs as aleatory uncertainties
stemming from the inherent randomness of the system. Secondly, the Bayesian
point of view interprets the uncertainties in inputs as purely epistemic, stemming
from the lack of information about the system. While the term model uncertainty
is hence of no meaning in the Bayesian interpretation, the authors conclude that
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the close analysis of model uncertainty diverts attention from the main objective
in risk analysis.

Kennedy et al. (2001) classify uncertainties in computer models with respect to
their sources. The first found source are uncertainties related to parameters, i.e.
the inputs of the model. The second source is the inadequacy of the model itself
to describe the modeled process. A further source of uncertainties are residual
values stemming from deviations in the modeled process itself in repeated ex-
ecutions. Additionally to inaccurate parameters, uncertainties might stem from
model inputs, that cannot be accurately specified (parametric variability). Lastly,
uncertainties might result from observation errors, which refer to inaccuracies in
reference measurements of the modeled process.

Lawson (1988) gives an overview of different interpretations of uncertainty in the
context of economic analysis and carves out two main interpretations of uncer-
tainties. One views uncertainties as an object of knowledge or also as properties of
reality. Another view treats uncertainties as a type of knowledge. The first inter-
pretation appears to be closely related to the definition of aleatory uncertainties,
while the latter corresponds to epistemic uncertainties.

Beraldi et al. (2013) introduce two approaches towards accounting for risk in cap-
ital budgeting. The first approach aims at managing the risk of a certain set of
investment decisions by introducing a risk objective function. The second ap-
proach involves the definition of a reactive strategy in order to correct investment
decisions as soon as information on uncertain parameters evolves. This thesis
follows the first approach and focuses on the decision in favor or against one
particular automation project.

Different approaches for describing uncertainties are reported in literature (Helton
et al., 2004; French, 1995). The most common descriptions are probability theory,
evidence theory (also referred to as Dempster-Shafer Theory), possibility theory,
and interval analysis. In contrast to the other approaches, interval analysis does
not rely on an understanding of the structure of uncertainty. This is strength and
weakness of interval analysis as it makes the method very easy to use, in particular
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when relying on expert estimates, but also limits the explanatory power of this
method.

2.2.2 Methodical frameworks for analyzing systems under
the influence of uncertainties

Uncertainties can be incorporated into system analysis and decision making in
different ways. This section presents common approaches from system modeling
and decision making for treating uncertainties.

Monte-Carlo Methods

Monte-Carlo Methods (MCM) are widespread in treating uncertainties. One of
the first proponents of numerical MCM was Hertz (1964) in the 1960s. MCM ba-
sically refer to carrying out random experiments using a model of a real-life system
running on the computer (Kroese et al., 2014). This allows treating uncertainty in
input parameters due to inherent risk and analyzing inherently random systems.
MCM uses the law of large numbers (see also Section 2.2.3) to find expected values
of the analyzed measures.

MCM involves randomly generating a large number of input sets for the analyzed
model from a defined probability distribution. These inputs are then used to
solve the model through deterministic computations. The results of these random
experiments allow to compute expected values for the model results due to the
law of large numbers. This procedure involves a large number of computations of
the model for each change in the input distributions. MCM has been applied in
capital budgeting as reported by Smith (1994).

Sensitivity and uncertainty analysis

Sensitivity analysis and uncertainty analysis deal with the question how uncer-
tainties in the output of a given model are related to uncertainties in its in-
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puts (Saltelli et al., 2008). Given model outputs ~y = [y1, ..., yn] and model inputs
~x = [x1, ..., xm], uncertainty analysis deals with the question how big the uncer-
tainty in ~y is depending on a known amount of uncertainty in ~x. In contrast,
sensitivity analysis answers the questions how strongly the single elements in ~x
drive the uncertainty in ~y (Helton et al., 2006). Sensitivity and uncertainty ana-
lysis are conceptually and computationally closely related.

To assess the sensitivity of the cost model with respect to uncertainties and risk,
a nominal value is used to compute the cost model. In the following, the input
parameters are varied, for example through MCM. This uncertainty analysis gives
an indication how the model reacts to variations in input parameters (Saltelli et
al., 2008). The uncertainty analysis forms the basis for sensitivity analysis that
quantifies how the model reacts to variations of a specific parameter. For this
purpose, meaningful probability distributions for the input parameters have to be
found. This often causes tremendous effort and belongs to the most important
parts of sampling-based uncertainty analysis (Helton et al., 2006). The model
itself is then run several times while inputs are generated from the probability
distributions identified in the previous step. The sensitivity is either assessed
manually through scatter plots or through various sensitivity measures based on
the distribution of outputs while fixing particular input values (Saltelli et al.,
2008). This method is hardly accessible for non-expert users and requires signi-
ficant computational effort as the model has to be computed many times.

Different approaches towards sensitivity analysis are distinguished by Saltelli et
al. (2004). One major distinction is between global methods, which span the
entire input parameter space of the model and local analysis which tries to com-
pute partial derivatives of the outputs with respect to the inputs to determine
local model sensitivity (Homma et al., 1996). In so called one factor at a time
(OAT) analysis, one input is modified and the output changes are determined.
In regression analysis, parametric curves are fitted into the model results whose
coefficients give an understanding of the related sensitivity.

Campolongo et al. (2007) argue that the OAT approach is the most common form
of sensitivity analysis. According to the authors, OAT minimizes computational
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effort, but lacks sophistication. The authors note that especially global methods
for sensitivity analysis require significant computational resources. To this day,
quantitative methods for sensitivity analysis can only be applied to low dimen-
sional models due to the high computational cost associated with them (Iooss
et al., 2015).

Scenario analysis

Scenario analysis examines the uncertainty of future developments by devising
alternative scenarios of what might happen (Huss, 1988; Ringland, 1998; Von
Reibnitz, 1988). In this sense, scenario analysis does not try to draft one consistent
picture of the future. It rather presents possible future developments, which are
sometimes called alternative worlds. Scenario analysis does not extrapolate from
past data but rather attempts to draw alternative pictures of the future based
on core changes and developments (Postma et al., 2005). Swart et al. (2004)
argue that quantitative scenario analysis should be complemented by qualitative
scenario exploration in order to identify additional influence factors and hard
measurable factors.

Real options analysis

Real options analysis (Myers, 1977) is a method to evaluate different action al-
ternatives in a decision problem, in particular if these action alternatives occur in
the future. Real option in this context refers to the possibility of taking a specific
action or decision, such as expansion of operations or stopping of projects. This
reflects the possibility for management to react to changes in the market envir-
onment. Real options analysis is often contrasted with the static consideration of
capital budgeting methods such as NPV. The application of real options analysis
typically leads to higher NPVs, in particular for projects with higher flexibility.
Luehrman (1998) relates these higher NPVs to the value of deferring decisions,
the related interest on unused capital and the additional information gained by
the delay regarding the economic soundness of the option. In this context, future
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action alternatives are valued using an analogy from finance utilizing the Black-
Scholes model for pricing of options (Black et al., 1973) with NPV and variance as
inputs. Borison (2005) distinguishes different approaches of real options analysis
and criticizes that underlying assumptions and conditions are very different and
often not named explicitly.

Beta analysis

In beta analysis, Beta is a measure for volatility in quantities, e.g. a model output,
compared to a benchmark (Sharpe, 1963). Higher beta values than 1 indicate
higher volatility compared to the benchmark. Therefore, beta analysis allows
assessing systematic risk associated with that quantity. Beta analysis is used in
investment portfolio risk analysis where the performance of financial markets is
used as a benchmark.

Beta is computed from least square regression analysis (Tofallis, 2008). Hence,
beta analysis evaluates the risk associated with a quantity by comparing its past
volatility with respect to a benchmark. This also means that new information is
not taken into account as beta is purely derived from past data. Furthermore,
the relative nature of beta is useful when comparing investment options, but does
not lead to absolute statements regarding cost effectiveness.

Value at risk

Value at risk (VaR) is a measure that specifies the amount of money that an invest-
ment portfolio might loose over a specified time horizon with a given probability.
It is a statistical measure to quantify potential loss of a portfolio (Linsmeier et al.,
2000). The observed time horizon or holding period and the risk level are decisive
for VaR measures. The holding period is the time horizon over which the loss is
computed under the assumption that the positions in the portfolio are held, i.e.
not adapted to market movements. The risk level is the probability for the losses
of the portfolio over the holding period to exceed VaR.
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VaR is often used in finance for risk management, but also sometimes used in
non-finance applications (McNeil et al., 2005). VaR was proliferated through
the need of monitoring a company’s risk in times of increased complexity in the
financial market due to frequent currency fluctuations and interest changes. VaR
is traditionally computed with one of three methods, either Historical Simulation,
Delta-normal Method or Monte-Carlo Simulation (Linsmeier et al., 2000).

2.2.3 Mathematical descriptions of uncertainties

The above outlined methods for analysis of uncertainty offer guidance on how
uncertainties in models can be determined and assessed. As a foundation, they re-
quire mathematical frameworks for the description of uncertainties. Furthermore,
these mathematical foundations are required in order to process uncertainties in
different models and input quantities in order to determining the combined un-
certainty of synthesized models. These mathematical descriptions are introduced
in the following.

Probability theory

Probability theory is concerned with analyzing random, non-deterministic phe-
nomena. It is closely related to the handling of aleatory uncertainties. Probability
analysis is based on the analysis of historic data in order to predict future devel-
opment assuming a stable environment. It uses random variables, i.e. variables
whose value depends on possible outcomes.

The concepts of expected value and variance are central to probability theory
and its mathematical description. The expected value of a random variable is the
average of results if many experiments are carried out. The variance of a random
variable is a measure of how far the results spread from the expected value.

Two theorems are of high importance for probability theory. The one theorem
called the law of large numbers states that the average value of observations will
approach the expected value when a large number of experiments is carried out.
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This theorem thus states that conclusions regarding probability can be made
from large samples of experiments. The other theorem called the central limit
theorem states that the sum of independent and identically distributed random
variables will approach the normal distribution, if variance and expected value
are well defined. This holds even if the added random variables themselves are
not normally distributed. It can be inferred from the central limit value theorem
that a description of uncertainties in costing models using normal distributions
is possible under the assumption that the related random variables are independ-
ent and identically distributed. The normal distribution of a random variable
depending on other random variables can be computed under the assumption of
independence of the input variables with defined rules (Stahel, 2002). This allows
the propagation of probabilities through a computation model.

Possibility theory

Possibility theory is an alternative to probability theory in dealing with uncer-
tainties. Like evidence theory (see below), it utilizes two concepts to describe
likelihood: necessity and possibility (Helton et al., 2004). However, while evid-
ence theory is closely related to probability theory, possibility theory is closely
related to fuzzy sets and uses membership functions to assign possibilities to clas-
sifications (Zadeh, 1978).

While probability theory only uses one set to describe uncertainty, possibility
theory uses two concepts to describe the likelihood of an event A (Dubois, 2006).
The possibility Π is the maxitive set-function and expresses in how far a certain
state of affairs is possible in the eye of an agent assessing potential states of affairs.
A possibility Π of 0 means that a state is rejected as impossible while a possibility
Π of 1 means that the state is assessed to be totally plausible. If the possibility of
all states is assumed to be 1, this expresses complete ignorance. Necessity is the
minitive set-function and defined as N(A) = 1−Π(Ā), where Ā is the complement
of A. Hence, the concept necessity contains the information of the possibility of
not A regarding the occurrence of A. For example if Π(Ā) = 0, i.e. not A is
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impossible, implies that A is certain, hence N(A) = 1. In general, it holds true
that N(A) ≤ Π(A) (Smets et al., 1998).

It has been realized that fuzzy sets, as an application of possibility theory, are
an extension of interval analysis (Dubois et al., 2000). In particular, the usage of
methods from interval analysis in fuzzy set theory for handling overestimation has
been an area of research (Moore et al., 2003). Possibility theory has been applied
to capital budgeting decisions. Tsao (2012) uses possibility theory to compute
uncertain NPV of investments where the uncertainty is derived from linguistic
expressions linked to fuzzy sets. Chiu et al. (1994) use triangular fuzzy sets in
order to capture the uncertainty in cash flows and compute a fuzzy NPV. They
further explore different decision-making strategies for project selection based on
the fuzzy NPV. Damghani et al. (2011) developed a decision support system
for investment decisions taking into account uncertainty. Fuzzy sets are used to
express uncertainty in key parameters of different investment options and solve
the associated capital budgeting problem. Huang (2008) uses fuzzy numbers in
order to model uncertainty in investment sum, cash-flows and available capital,
and studies the resulting capital budgeting problem. Based on that, a decision
model for capital allocation is proposed.

Bayesian probability

Bayesian probability is an interpretation of probability as the degree of belief
associated with a hypothesis (De Finetti, 2017). Bayes’ theorem is central to
Bayesian probability. It allows to update the probability assigned to a hypothesis
in the light of new information in a process called Bayesian inference. Bayes’
theorem reads

P (A|B) = P (B|A)P (A)
P (B) , where: (2.2)

◦ A is the hypothesis under scrutiny,

◦ P is the probability function,

33



2 State of the art and background

◦ P (A|B) is the probability of the hypothesis (A) in the light of new information
(B) and hence the result of interest, also called posterior probability,

◦ P (B|A) is the probability of observing the new information (B) given that
the hypothesis holds,

◦ P (A) is the base probability before new information is taken into account,
also called prior probability,

◦ P (B) 6= 0 is the probability of the observation, also called marginal likelihood
or model evidence.

Two views on Bayesian probability, the objectivist and subjectivist view, exist in
literature (Thompson, 1990). The subjectivist view interprets Bayesian probabil-
ity as personal belief in the respective hypothesis. The objectivist view interprets
Bayesian probability based on relative frequency as an extension of logic.

According to Thrun (2002), Bayesian filters are the most common approach in
probabilistic robotics in particular for problems like state estimation where hypo-
theses regarding the current state of the robot have to be continuously combined
with sensor readings.

Evidence theory

Evidence theory (Dempster, 1967), also referred to as Dempster-Shafer Theory or
the theory of belief functions, establishes a general framework for reasoning with
uncertainties. In evidence theory, lower (belief) and upper (plausibility) bounds
for the truth of a statement are established (Helton et al., 2004). The main
properties of evidence theory according to Beynon et al. (2000) are that the belief
not given to a proposition does not need to be attributed to its negation and that
measures of uncertainty can be assigned to overlapping sets. Evidence theory can
be seen as a generalization of Bayes’ theory. Xu et al. (2006) hence report that
evidence theory is more flexible in decision making compared to traditional Bayes’
theory. Hilhorst et al. (2008) report the use of evidence theory for the selection of
an IT-infrastructure. The authors show that the application of evidence theory
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allows for the incorporation of non-financial criteria in the decision process leading
to different decisions compared to application of pure real options analysis or
NPV.

Interval analysis

Interval analysis is an extension of arithmetics of real numbers R to the treatment
of interval numbers I. An interval number xI is specified by a lower bound a

(infimum) and an upper bound b (supremum) as

xI = [a, b] = {x ∈ R | a ≤ x ≤ b}. (2.3)

As for example outlined by Daumas et al. (2009), the basic laws in interval analysis
of two interval numbers xI = [a, b] and yI = [c, d] can be described as

Summation: xI + yI = [a+ c, b+ d] (2.4)
Differentiation: xI − yI = [a− d, b− c] (2.5)
Multiplication: xIyI = [min(ac, ad, bc, bd),max(ac, ad, bc, bd)] (2.6)
Division: xI/yI = [a, b][1/d, 1/c], if 0 6∈ [c, d]. (2.7)

Exponential functions xI
z with x = [a, b] and z ∈ R can be computed as

xI
z = [min(az, bz),max(az, bz)]. (2.8)

For strictly monotonous increasing functions, the computation of their interval
value is trivial, for example

Natural logarithm: ln(xI) = [ln(a), ln(b)], (2.9)
Square root: √

xI = [
√
a,
√
b]. (2.10)
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Interval arithmetic guarantees that if the real input values lie inside the specified
input intervals also the result will lie inside of the output interval obtained through
interval arithmetic. Therefore, this approach allows obtaining strict bounds for
best and worst case economic performance under the assumption that the expert
setting the input intervals has chosen the right interval bounds.

When applying interval arithmetics to equations using above rules, great care has
to be taken in case of multiple occurrences of the same variable in one equation.
If these cases are not explicitly handled, excessively conservative bounds result as
different occurrences of the variable are interpreted as different interval numbers.
This effect is known as interval identity or overestimation. For example, consider
the square of an interval variable yI = x2

I . This can be interpreted as yI =
x2

I = xIxI . When using this interpretation, applying equation (2.6) and inserting
xI = [−1, 1], the resulting bounds of yI are [−1, 1]. This result is excessively
conservative as the worst case combination of bounds implied by equation (2.6) is
not possible in this case as xI is multiplied with itself. The better result interval
is yI = [0, 1] as this reflects smallest interval that contains all possible result
values.

Interval analysis is widely applied in computational numerics and kinematics,
see for example Jaulin (2001) or Pott (2007). Matthews et al. (1990) report
the use of interval analysis for the assessment of different investment options in
utility economic analysis. Jerrell (1997) proposes the use of interval arithmetics to
capture the effects of uncertainty on economic input-output models that describe
the interdependencies between different branches of the economy. The approach
is judged particularly useful when an assessment using confidence intervals is not
possible.

Different authors report on the use of interval numbers instead of exact real num-
bers in order to reflect uncertainty. Mustajoki et al. (2006) apply intervals to
multi-attribute value tree analysis (MAVT) to account for uncertainties of differ-
ential weighting of objectives and values of rating functions. They point out that
great care has to be taken in choosing meaningful interval boundaries to receive
meaningful results. Their approach allows to carry out strict worst case analyses.
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Dietz et al. (2013a) propose to use a combination of interval arithmetics and ABC
to model the cost creation in the engineering design of robotic systems. This ap-
proach is extended by Dietz et al. (2015) to use information structured according
to the PPR-approach.

Authors in risk management point out that interval theory is fundamentally dif-
ferent from probabilistic approaches, as it does not contain a structured repres-
entation of likelihood. This is also the reason that the results of interval analysis
are easy to represent as misunderstandings regarding the underlying concepts of
likelihood are avoided.

2.2.4 Conclusions on modeling of uncertainties

Methodical frameworks for analyzing uncertainty, like for example Monte-Carlo
methods, often rely on repeated execution of the analyzed models under variation
of input parameters. This threatens to slow down analysis and hence to make
it less reactive for the user. It exists a wide range of methodical frameworks
and mathematical descriptions for uncertainties. These frameworks and descrip-
tions are highly applicable to this thesis and offer a sound foundation for the
description of uncertainties in the cost-benefit assessment in industrial robotics.
The theories of probability, Bayesian probability, possibility and evidence offer
highly expressive mathematical descriptions. However, practitioners in robotics
and production, like for example managers and planners, might have problems
with specifying the required parameters and with interpreting the results as these
measures require some level of knowledge of the underlying theories. On the
contrary, interval arithmetics offers a less expressive description that can be in-
tuitively understood by practitioners in robotics. With interval arithmetics great
care has to be taken to avoid overestimation. Overestimation might lead to overly
conservative results that prevent any meaningful analysis. Due to the intuitive
nature of interval arithmetics and the straightforward integration into existing
models, interval arithmetics appears to be a very interesting choice for the rep-
resentation of uncertainties in cost-benefit assessment of robot systems.
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2.3 Cost modeling in engineering design

This section gives an overview of approaches relating to cost engineering in pro-
duct development and development of automation systems.

2.3.1 Costing methods in engineering and product
development

Several components of a robot system require detailed mechanical and electrical
engineering. This includes in particular the mechanical and electrical design of
the entire work cell as well as custom-made components such as end-effectors,
fixtures, jigs, and material feeding solutions. The development and engineering
processes are closely related to product development for which several costing
approaches exist.

The issue of cost assessment has been actively studied in particular from the
product point of view. Layer et al. (2002) differentiate between quantitative and
qualitative approaches. Qualitative approaches are capable of ranking different
options. However, they are not capable of quantifying how much a certain option
is superior to an alternative. Quantitative approaches establish some metrics to
compare different decision options in product design. Roy et al. (2001) report
in an example from the aerospace industry that a combination of quantitative
and qualitative approaches leads to better results than employing one of these
approaches individually. This holds in particular true if also indirect develop-
ment cost, for example for discussing a design problem with colleagues, should
be included in the assessment. As this thesis aims at quantifying benefits from
investments in automation and neglects distal-monetary factors, it focuses on
quantitative approaches.

Asiedu et al. (1998) distinguish three types of quantitative costing approaches.
Firstly, statistical models take a top-down approach, building on past data and
employ data analysis techniques such as regression analysis to arrive at paramet-
ric cost functions. Secondly, analogous models derive cost information based on
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the degree of similarity between product characteristics. Analogous models hence
also build on past data from comparable products. Thirdly, generative-analytical
models take a bottom-up approach by trying to model the product creation pro-
cess and the related resource consumption. Amongst these three quantitative
approaches, only generative-analytical models offer the possibility to easily add
new processes without the need of historic data (Layer et al., 2002) as desired for
robot systems. Furthermore, a lack of integration in the design process is cited
which can also be considered true in plant engineering.

Agyapong-Kodua et al. (2011) state that main shortcomings of current cost mod-
els are the lack of focus on the process side, i.e. the manufacturing required to
produce a specific product feature. Furthermore, they state that cost models
need to be virtually executable to support decision making and need to be able
to capture a wider range of products due to the increasing product spectrum in
manufacturing. They suggest that cost models are required that integrate as-
pects of cost engineering, enterprise cost modeling, discrete event modeling and
dynamic modeling. Quintana et al. (2011) apply the statistical costing approach
to decision making in machine tool selection. The addressed market of vertical
high speed machine tools is much more homogeneous compared to the market of
robot systems, because the latter are special machinery.

Niazi et al. (2005) developed a decision model for cost estimation in product
design. In this context, analytic models are of interest for the design of produc-
tion systems, as they link product properties to manufacturing processes and the
employed resources. Tseng et al. (2000) suggest a combination of feature-based
costing and ABC. With feature-based costing, a specified manufacturing activity
and its intensity are assigned to certain product features. ABC is used for model-
ing the cost of the required production processes and takes the values assigned to
the product features as input. Koltai et al. (2000) apply the principles of ABC to
FMS to cope with the allocation problem for high overhead costs of FMSs. Also
process specific cost-models have been proposed, e.g. for machining (Ehmann et
al., 1997) or welding (Masmoudi et al., 2007; Dolgui et al., 2004). The estimation
of design effort for general development projects has been addressed by Bashir et
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al. (1999), Pahl et al. (2007) and Chandrasegaran et al. (2013), but not specifically
for robot systems.

A commonly found model for design efforts stemming from the mechatronic in-
dustry is the model proposed by Bashir et al. (2001) in which the design effort two

is expressed as a function of product complexity C and severity of requirements
R:

two = aC b Rc, (2.11)

where a, b and c are parameters of the model. The product complexity is expressed
in terms of included functions and severity of requirements is rated, typically on
a scale from 1 to 3.

The above analysis makes clear that many costing approaches in product devel-
opment exist. Most approaches try to make manufacturing costs transparent to
the design engineer in order to support design decisions, thereby leading to lower
product cost. The developed models often focus on the production of mechanical
features in order to support product design and manufacturing process selection.
Significantly fewer research addresses the modeling of cost of the design process
itself.

2.3.2 Estimation of software development efforts and
times

Mechatronic systems and cyberphysical systems increasingly contain embedded
software in order to implement complex functions and to ensure that the product
can be updated and upgraded during its life-cycle. Likewise, the effort for devel-
oping software plays an increasingly important role in the overall cost of realizing
robot systems.
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Traditional, global estimation methods

The estimation of effort and cost in software development has been an active
area of research for a long time. Different models are established in software
cost estimation (Boehm, 1984; Boehm et al., 2000; Putnam, 1978a). The most
commonly applied approaches are model-based techniques and methods based
on expert judgment. While research on model-based methods dominated in the
past, the interest in non-parametric models, more specifically expert judgment
and analogy measures has increased (Jorgensen et al., 2007).

Methods based on expert judgment are in particular useful, when quantified data
from past or comparable projects is missing. The downside of these cost estimation
techniques is the high reliance on the experts’ competence to make valid estim-
ates. According to Boehm et al. (2000), the two most common expert judgment
approaches are the Delphi method and the Work Breakdown Structure (WBS).
The Delphi method (Helmer, 1965) is a method to produce forecasts based on
the predictions of a panel of experts. In a first round, the experts give an estim-
ate without discussion, independent of each other. The results are collected and
distributed to all participants for a second estimation round in which all experts
are aware of the estimates from the first round. The WBS method performs a
breakdown of the software product to be developed. Breaking down the work
means that the software product is decomposed into different single functional
components, subcomponents and finally development activities. The aim of this
breakdown is to obtain activities that are sufficiently small so the effort can then
be estimated by an expert. From these estimates, the overall effort for the software
development is then aggregated bottom-up (Tausworthe, 1979).

Model-based approaches typically use a measure for the amount of written code
as an input. Common input measures are source lines of code (SLOC), delivered
source instructions (DSI) or function points. These measures are then transformed
into associated cost or a quantification of development effort. In the following,
the details of some common model-based approaches are outlined.
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Putnam’s Software Life-cycle Model (SLIM) (Putnam, 1978b) specifies the soft-
ware equation

nSLOC = aT two
1/3 tdev, (2.12)

where nSLOC is the number of source lines of code, aT is an adjusting factor for
environment or technology factors that is derived from historic development data,
two is the development effort going into the project in terms of man years and tdev

is the delivery time or overall development time of the software project. While the
model was originally aimed at the opposite task of estimating the size of software
projects after development, Putnam’s software equation can also be used for the
estimation of development effort (Leung et al., 2002).

The well-established Constructive Cost Model (COCOMO) approach uses the
delivered source instructions (DSI) as a cost driver. Furthermore, COCOMO dis-
tinguishes different types of projects based on their complexity of implementation.
Small, informal projects with-well trained staff are referred to as organic project.
Projects with medium complexity are called semi-detached projects. While the
development of highly complex systems with formal project management pro-
cedures is referred to as embedded project. Automation software projects can
typically be classified as organic projects as the overall complexity of the software
package is rather low due to the local installation at the robot cell.

According to the COCOMO approach, the applied effort two for the software
project can be computed as

two = a
(nDSI

1000

)b
, (2.13)

where nDSI is the number of delivered source instructions, i.e. the number of lines
of program code including comments and blank lines up to 25% of the code1 and
a as well as b are coefficients related to the respective project type.

1The COCOMO model typically counts in thousands of delivered source instructions. Hence the
division of nDSI by 1000.
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The development time for the project tdev can be computed using the relation

tdev = c(two)d, (2.14)

where c and d are constants to be found in literature. For organic projects,
the following constants a = 2.4, b = 1.05, c = 2.5 and d = 0.38 are suggested
by COCOMO (Boehm, 1984). The required number of developers ndev can be
computed from the development time and required effort ndev = two/tdev. The
COCOMO model does not account for team size and related management and
communications efforts and can therefore only be seen as a rough estimate. As
software development efforts for automation components and systems are typically
carried out by rather small teams, this estimate appears to be a good starting
point. Model-based approaches are applied in this thesis, as it is the aim to
obtain quantified cost estimates without relying on expert estimates for the single
knowledge domains involved in systems engineering. In particular, the good and
verified base of parameter values for COCOMO methods is beneficial.

Estimation methods for agile software development

Agile software development methods have received strong attention in recent years
and have been adopted by a large number of companies (Abrahamsson et al.,
2009). The estimation of software development efforts for agile methods is carried
out differently compared to traditional software development, because agile de-
velopment methods are highly iterative (Cohn, 2005). Usman et al. (2014) report
that in practice expert judgment methods are predominantly used for software
development effort estimation of agile software projects. The most commonly
applied parametric methods build on story points and use case points as size
metrics.

Planning poker is an iterative group estimation technique in which the estimators
individually present estimates for a certain user story and then discuss differences
in their estimates until they converge (Cohn, 2005). One study (Mahnič et al.,
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2012) indicated that estimates obtained through planning poker tend to be over-
optimistic if the estimation is carried out by non-experts. In this study, the
accuracy of the estimates was found to improve with the level of expertise of the
estimators.

Another common method for estimation of software development efforts in agile
software development is the use case point method (Schneider et al., 2001). The
use case points are similar to functional points used in traditional software effort
estimation techniques. The use case point method employs different weighting
factors for use case complexity, number of actors involved in the use case, the
technical complexity and environmental considerations. Kusumoto et al. (2004)
developed an automatic use case measurement tool that allows automating large
parts of use case estimation. This measurement tool assesses use cases specified
by the user in XML. The assessments are based on an experience database.

Abrahamsson et al. (2007) proposed the use of an incremental estimation model
for estimation of development efforts in extreme programming (XP). This estim-
ation model is built after every iteration in the agile process and uses information
from previous iterations to improve accuracy. The developed estimation model
outperformed traditional estimation models. This was in particular true in early
development phases, which also corresponds to the intended use case scenarios of
the cost-benefit assessment system researched here.

Bhalerao et al. (2009) compare estimation methods targeted at traditional and
agile development. They argue that both types of methods use the same type of
quantitative information for estimation. According to the authors most estimation
methods targeted at agile software development are too much based on experi-
ence. Further, an algorithm for the estimation of software development efforts
in agile development called Constructive Agile Estimation Algorithm (CAEA) is
proposed. This algorithm evaluates the project based on different criteria (do-
main, configuration, performance, complexity of processing, data transactions,
ease of operation, number of sites and security).

The research on software effort estimation techniques for agile development pro-
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cesses is a relatively young area of research. In comparison to traditional software
effort estimation approaches the discussed cost estimation approaches are much
more integrated into the development process and become a part of the agile de-
velopment itself. The experience based nature of most current approaches makes
them harder to integrate into an automated cost-benefit assessment. Further-
more, many automation software projects for application software development
by the system integrator are very small projects that often do not have any form-
alized development process at all. However, as software becomes an increasingly
important part of robot systems it will become an interesting research questions
how those estimation methods can be integrated into cost-benefit assessment.

2.3.3 Development process for robot systems

Development of special machinery is a complex process in which many, often
contradicting and hidden requirements need to be traded off in order to obtain a
good solution. One major problem is the management of the inherent complexity
of this development process. Systems engineering offers processes to cope with
this complexity.

The design of a robot system typically starts with a conceptual phase in which
the functions and related solution principles are defined. The conceptual design
of the robot system is vital as the layout and components of the machine are
defined in this phase. The design often follows processes from systems engineering,
such as VDI 2221 (VDI 2221, 1993). It includes the definition of functions, the
definition of solution principles for these functions, the overall concept including
the planning of the layout and used components to be integrated. During the
conceptual design phase, feasibility studies in simulation or experiment might be
required to validate critical functionality.

The concept design phase is a vital part of the creation of robot systems and
highly depends on the novelty of the system and the experience of the integrator
with similar systems. The Genefke Scale (Nielsen, 2012) attempts to measure
these aspects related to robot system complexity. It measures the complexity of a
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robot installation in five categories from standard solution to cutting edge research
application. In the context of industrial applications, the first three categories of
the Genefke Scale are of interest:

Category 1: Off-the-shelf solutions with single robots in which the robot does
not carry out an actual manufacturing process, i.e. handling robots (see Sec-
tion 3.1.2 for an example).

Category 2: Standard solutions that require adaptation to the specific tasks,
multiple robots and process robots, i.e. a welding robot installation (see Sec-
tion 3.1.1 for an example).

Category 3: Specialized solutions that have never been realized in a similar setup
comprising all technological elements and require demonstration of core com-
ponents.

Concluding, systems engineering offers a good methodical framework for the de-
velopment of complex systems to which robot systems belong. However, there
appear to be few development process frameworks that are specifically tailored
for the development of robot systems. The Genefke Scale offers a useful taxonomy
with respect to the complexity of the realization task of a robot system.

2.4 Modeling of manufacturing systems

One key problem for the introduction of elaborate costing methods such as ABC
is that they need to be tailored for the specific application case and the relevant
data needs to be available (Staubus, 1990). The largest part of the system cost
is defined in the early engineering phases before the system is set-up. If that
assumption holds true, a lot of cost relevant data is already implicitly defined
in the engineering models of the production system. The aim here is building a
bridge between these engineering models and the cost model of the manufacturing
system. For this reason, the state of the art for engineering models is relevant to
this thesis and outlined in the following.
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2.4.1 Information models used in plant engineering

Cost engineering in automation is closely linked to plant engineering as these two
processes constitute an iterative cycle for optimization of plant designs. The cost
engineering process should be as closely as possible integrated in plant design in
order to provide effective decision support. For this purpose, it needs to draw
information from and provide information to engineering formats in plant engin-
eering, i.e. common, machine readable file formats used in plant engineering for
storing and exchanging data. For the structuring of manufacturing systems, the
so called three view concept, or PPR-concept is commonly applied in practice.
In the three view concept the data on the manufacturing system is structured
into data relevant to products, processes, and resources (PPR) (Schleipen et al.,
2009):

◦ The product domain, i.e. what is to be manufactured

◦ The process domain, i.e. the actual manufacturing activity that is carried out
on the work pieces that are to form the product

◦ The resource domain, i.e. the means of production that are employed to carry
out the manufacturing task

AutomationML is a format dedicated to exchange of data between different plant
engineering tools, e.g. CAD, PLM and electric circuit design. The AutomationML
file format (AutomationML, 2013; Draht, 2010) is built on the PPR-approach.
The format uses CAEX (IEC 62424, 2016) for capturing the hierarchical structure
of the production system and its components, COLLADA for geometric data
and PLCopen XML for the description of the logic information. AutomationML
features role libraries to define abstract characteristics that are described by the
CAEX file and to give the described objects a semantic meaning.

An alternative standard for the exchange of product information is the Stand-
ard for the Exchange of Product Model Data (STEP), which is specified in
ISO 10303 (ISO 10303, 2011). It supports the modeling of data from mechanical
and electrical design including tolerances, machine topology, material properties,
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and process structure. However, STEP does not offer facilities to model the
behavior of machinery. The sheer size of the standard resulted in fragmented
implementations.

Process specification language (PSL) is a high-level framework for the description
of processes. It is applicable for different domains, for example for manufacturing
and business processes, but was developed with a strong focus on manufacturing
processes. PSL is standardized in ISO 18629. The main aims for its development
are supporting communication of process data between different software systems
and supporting automatic reasoning on processes, for instance for the evaluation
of process consistency and compliance to process rules. Logic elements for the
process description are defined in an ontology and support automatic reasoning.

It can be concluded that powerful information models and related file formats for
the modeling of manufacturing systems have been developed in the past. In fact,
the developed information models and file formats are so broad that few or no
tools exist that are feature complete with respect to the theoretical possibilities
of the file formats. These models and file formats are an important starting point
for the modeling of information on robot systems in this thesis.

2.4.2 Modeling of work efforts and resource consumption
in production

In order to reflect the cost in the entire life-cycle of a robot system, the necessary
resources for the usage of the robot system have to be modeled. This refers to the
manual work efforts required for certain production tasks and to the consumption
of commodities and energy, for example electricity consumption or consumption
of process media.

Elaborate models exist for the design of manual workplaces in order to estim-
ate times required for certain production activities. Predetermined motion time
systems (PMTS) are methods designed to analyze manual work processes in in-
dustrial production. PMTS methods typically use catalogs with standard times in
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order to derive an estimate for the required work times. Methods-Time Measure-
ment (MTM) is the most widely used PMTS method. Several variations of MTM
exist. MTM Universelles Analysier-System (MTM-UAS) is the most recently de-
veloped variation. Compared to standard MTM, the MTM-UAS method uses
a coarser level of aggregation centered around complete operations rather than
fundamental motions. Maynard Operation Sequence Technique (MOST) is an-
other commonly used PMTS method operating with time measurement units.
Paul et al. (1979) applied the general approach of the MTM method to robotic
applications and hence created Robot Time Measurement (RTM). A similar ap-
proach was taken by Wygant et al. (1987) who created Robot MOST, which
measures time of robotic processes using MOST. The set of methods published
and researched by the German Verband für Arbeitsgestaltung, Betriebsorganisa-
tion und Unternehmensentwicklung (REFA) is targeted at determining nominal
work times from time measurements taken in the real production. The method is
part of many labor agreement contracts in Germany.

Apart from work efforts, also the behavior and consumption of energy and com-
modities caused by the means of production employed in the robot system need
to be modeled. The physical basics of modeling manufacturing systems such as
kinematics and dynamics are well known and respective models can be found in
standard literature. In the context of cost modeling, in particular models relat-
ing to the production output of the employed machine and models related to the
consumption of resources are relevant. Dietmair et al. (2008) analyze the energy
consumption of machine tools and develop a model for forecasting the energy
consumption related to a specific production task. The study shows that machine
tools consume a significant amount of energy even if the machine is not actually
processing parts. Therefore, the overall energy efficiency highly depends on the
usage scenario of the machine, i.e. how many and what type of work pieces are
processed. Chemnitz et al. (2011) conducted a study on the energy efficiency of
industrial robots using two different robots. The study shows that the energy
consumption characteristics are highly dependent on the robot model. Further-
more, the energy consumption is highly trajectory dependent. Slow trajectories do
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not necessarily have an optimal energy consumption compared to more dynamic
trajectory profiles.

Existing models allow simulating the consumption of basic resources such as work
time or electric energy during production. This allows determining an important
cause of cost for the life-cycle assessment of production systems.

2.4.3 Knowledge management in robotics

An important challenge for solving the addressed research problem is finding
methods to effectively manage cost relevant knowledge from different stakeholders
participating in the development, commissioning, and operation of industrial ro-
bot systems. This requires to autonomously integrate information from different
sources and to reason based on this information. This section introduces related
methods for knowledge management as commonly used in robotics research. Nor-
mally, the usage of the introduced methods aims at realizing additional technical
features in robot systems. Knowledge management methods are in particular
used for achieving a greater degree of autonomy of the robot system. Here, these
methods will be applied to the task of cost estimation in robotics.

Nowadays, ontologies are widely used in robotics research in order to model know-
ledge in human and machine readable form. What sets the application of ontolo-
gies apart from common industrial engineering tools is the modeling of knowledge
by pure logic without the creation of artificial constraints. Domain specific onto-
logies are available for service robotics in the KnowRob ontology as described by
Tenorth et al. (2013) and others (Lim et al., 2011; Chella et al., 2002). The IEEE
currently develops a set of ontologies targeted at service and industrial robotics
and automation (Schlenoff et al., 2012; IEEE 1872-2015, 2015). Lohse (2006)
designed a domain ontology and related method for automated planning of mod-
ular assembly systems. The wide usage of ontologies and related tools in robotics
promises that a transfer of these methods to plant engineering and cost estim-
ation is fruitful once an ontology for this domain will be created. Specifically,
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ontologies as described in the following do not depend on XML or programming
languages.

The foundation for the use of ontologies and reasoning are technologies from
the Semantic Web, which are increasingly used in robotics as outlined by Sten-
mark et al. (2015). Commonly used examples are Resource Description Format
(RDF) (W3C, 2004), Web Ontology Language (OWL) (W3C, 2012), and SPARQL
Protocol and RDF Query Language (SPARQL) (W3C, 2008). The development of
RDF, OWL and SPARQL has been coordinated by the World Wide Web Consor-
tium (W3C) which aims at adding explicit semantic content to webpages (Berners-
Lee et al., 2001; Shadbolt et al., 2006).

RDF represents knowledge as triplets, consisting of subjects, objects and predic-
ates connecting subjects and objects. RDFS (Resource Description Framework
Schema) (W3C, 2015) extends RDF and introduces basic concepts for ontologies
such as the concept of classes and the relation of resources to these classes. RDF
and RDFS are commonly used for semantic descriptions and the basis for the cre-
ation of ontologies, e.g. in the common OWL format. OWL introduces additional
concepts for the representation of ontologies that are motivated from limitations
in expressiveness of the formats RDF and RDFS on which OWL builds (Staab
et al., 2009). However, this results in an undecidable language, because RDFS
has some very powerful modeling primitives, allowing all possible combinations of
OWL primitives. Therefore, the three sub-languages, OWL full, OWL DL, and
OWL-lite were developed. While OWL full uses the full language capabilities,
OWL DL and OWL-lite impose additional restrictions to ease reasoning. OWL is
the technical foundation for reasoning in many research applications in robotics
and one of the basic tools for increasing the autonomy of robot systems. The
OWL formats allow defining concepts and their relation and therefore represent
semantic information in computer readable form.

Different storage frameworks for RDF or comparable graph data exist. The Ses-
ame framework (Sesame, 2013) contains a servlet that allows the storage and
querying of RDF knowledge in a database. Other frameworks (Jena, 2015; New-
man, 2015; CubicWeb, 2015; Neo4j, 2015) possess similar features. SPARQL is a
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query language for RDF and the query language for the Semantic Web. It allows
to query for triple patterns and features conjunction and disjunction. SPARQL
supports federated queries, i.e. queries that are distributed to multiple endpoints
with gathering of the results from these endpoints. Through this feature, SPARQL
allows the integration of knowledge from different data sources. While SPARQL
is the principal query language for RDF (Bailey et al., 2009), alternatives ex-
ist. The RQL (Karvounarakis et al., 2003) language and its branch SeRQL allow
both queries for data and schema. Furthermore, Algae, TRIPLE, and Xcerpt
are languages that can be used to query RDF data according to Bailey et al.
(2009). Dedicated query languages for OWL emerged more recently and are less
developed. OWL-QL (Fikes et al., 2004) being the most known query language
for OWL.

Several authors proposed using and tailoring technologies from the Semantic Web
for applications in robotics. Persson et al. (2010) describe an approach to convert
data from AutomationML to RDF triplets and make them accessible via SPARQL
endpoints. Stenmark et al. (2013) report the potential for the use of knowledge
bases from different projects and present different architectures for knowledge
management. They favor a distributed approach to knowledge that allows to sep-
arate local and global knowledge. The authors point out open research issues in
the fields of reliability, consistency and access. The same authors argue in favor of
using knowledge bases to simplify the programming process of industrial robots.
In their work, they outline the required ontologies and knowledge integration ser-
vices for this application (Stenmark, 2017). Abele et al. (2013) transform CAEX
plant models into OWL ontologies by the use of a base ontology following a sug-
gestion by Runde et al. (2009) to perform consistency checks through SPARQL
queries. La Rocca (2012) proposes the use of knowledge-based approaches in
CAD design. The author argues that an information gap hinders the widespread
application of these approaches in engineering practice. Kuss et al. (2016) explore
currently used approaches for knowledge management in robotics and develop a
concept for using manufacturing knowledge for automatic program generation.
The authors propose to expand the PPR-approach through technology models
that contain detailed information on physical properties of manufacturing pro-
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cesses. This approach is detailed by Kuss et al. (2017) for gas metal arc welding
and for automatic feature recognition of weld seams.

The use of ontologies and in particular OWL for their description form a very
powerful basis for the management of knowledge in SME-like production scen-
arios. In particular the open-endedness and extensibility of ontologies allows to
react to changing environments and production tasks as often found in SMEs.
This approach conforms to the Open World Assumption (OWA) that complete
knowledge cannot be obtained that holds true in dynamic SME-like production
scenarios. The domain knowledge for the cost-benefit assessment of robot systems
does not exist yet and has to be created.

2.5 Conclusions from the state of the art

Subsequently, the conclusions from the state of the art are drawn. The potential
from using the presented methods for the cost-benefit assessment of robot systems
and their shortcomings are discussed. The resulting gap to be filled to answer the
addressed research problem is elaborated.

2.5.1 Methods from accounting and capital budgeting

Methods from accounting and capital expenditure budgeting offer holistic and
methodically sound approaches for the identification of costs resulting from the
purchase and use of automation systems. However, there are major shortcomings
from applying these methods for decision-support in early design phases of robot
systems:

◦ The methods do not offer details on how to compute actual costs in the
single life-cycle phases of robot systems. The cost drivers and model details
have to be tailored for each specific application field resulting in significant
effort for the user. In particular, the methods do not include details on the
aspect of system integration and the dependence of costs and benefits on
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the technical properties of the robot system. However, this is vital because
robot systems are typically special machinery and involve many design and
integration activities.

◦ The methods require large amounts of input data. However, reliable cost data
is often missing in SMEs and cannot be measured with reasonable effort. Fur-
thermore, the required information is distributed over different stakeholders
involved in design and operation of robot systems. The presented methods
lack approaches for collecting and consolidating this distributed knowledge.

ABC offers a well-researched and established approach to distribute machine costs
to single products. However, also ABC does not address the aspects of producing
and maintaining the machine itself. Therefore, there is the need for a generic
model for robot systems, that connects the life-cycle driven approaches from LCC
with the activity-driven approach from ABC. This generic model has to include
the handling of uncertainties and the management of knowledge from different
stakeholders and projects.

2.5.2 Handling of uncertainties

Cost-benefit assessment is usually carried out in early design phases of the robot
system where few information is available on the design of the robot system. Fur-
thermore, the volatility in the order behavior of customers increases as product
life-cycles become shorter and inventory is reduced. This lack of information
and inherent volatility of the market cause uncertainties in input data to play
a major role for cost assessment of robot systems. Different approaches based
on probability, evidence, possibility, and interval theory are described in literat-
ure. The results of interval theory lack information on the likelihood distribution.
However, results and required inputs of interval theory are most intuitively under-
standable for non-expert users when compared to other approaches of describing
uncertainty. The mathematical foundations of all presented approaches are well-
understood and application examples for a large variety of fields exist.
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2.5.3 Existing engineering models

A wide body of research aimed towards modeling manufacturing costs of products
exists. However, these models are typically highly specific to one domain, e.g. the
machining of parts. While these model mostly address production cost, also mod-
els aimed at capturing development and engineering efforts exist. In particular
the prediction of software development efforts has been an active area of research.
There are several models that can also be used in the context of robot systems.
The Genefke Scale offers a measure for classification of robot systems with respect
to their implementation complexity.

Several file formats address the processing of engineering data in the design of
products and automation systems. AutomationML is focused on the handling of
plant design data in automation. The format is easily extensible and therefore
predestined for the exchange of information between design tools and the cost-
benefit assessment.

Only generative-analytical models are capable of modeling the details of the de-
velopment process of robot systems. This is the case because robot systems, being
special machinery, are heterogeneous in terms of application areas and features.
This prohibits the use of analogous models and statistical models as past data is
not significant in terms of the overall system cost. However, on the component
level of the robot system statistical and analogous models might be applicable as
the market is much more homogeneous.

Concluding, a large number of domain specific models exist and are available
for integration into a common framework for cost-benefit modeling of robotic
systems.

2.5.4 Knowledge management

Much research in knowledge management in robotics exists. This research typic-
ally builds on technologies of the Semantic Web in order to describe knowledge in
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machine readable form. The Semantic Web technologies offer a powerful frame-
work for representing and processing knowledge in machine and human readable
form. Today, these technologies are mostly applied in robotics for extending the
level of autonomy of robot systems. However, it seems possible to apply these
approaches in order to automate parts of the cost-benefit assessment for a specific
robot system. How to do that while including the missing system integration
point of view is believed to be an important unsolved research problem.
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In this chapter, the problem of economics of advanced industrial robot systems
is analyzed in detail with respect to the state of the art. The chapter aims at
establishing a more detailed understanding of the addressed research problem,
its single parts and the requirements on the solution. First, a set of exemplary
application scenarios for the evaluation of the results is defined. These application
scenarios reflect the specific problems and requirements identified in the following
analysis. Subsequently, the scope of the thesis is defined and related terms that
are used throughout the thesis are introduced. In the following, the typical life-
cycle of robot systems is analyzed. Here, the processes that are characteristic to
the different life-cycle phases are introduced and the involvement of the different
stakeholders is discussed. Based on this analysis, the problem addressed by this
thesis is defined and broken down into sub-problems. This problem statement
also explicitly highlights the expected main contributions of this thesis.

3.1 Example applications for evaluation of the
developed model

The evaluation of the cost-benefit assessment method developed here will be car-
ried out based on two application scenarios. In this section, these two application
scenarios are introduced. With handling and welding, these application scen-
arios span a significant portion of the market for industrial robots (Litzenberger,
2015). The two application scenarios also reflect two fundamentally different uses
of robots to be captured by the cost-benefit assessment tool:
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1. Use of robots for the main manufacturing operation: In the welding scenario,
the value creating activity is carried out by the robot. The processing speed
and the part output of the robot system therefore are primarily defined by
the performance characteristics of the robot, its peripherals and the welding
process.

2. Use of robots in production with fixed machine cycle time: In the handling
scenario, the cycle time of the robot system is governed by the machine
tended by the robot. The robot’s operation is synchronized to the machine
operation. Therefore, in this scenario the production output of the robot
system is only secondarily defined by the performance characteristics of the
robot system.

3.1.1 Robotic GMAW welding

Gas metal arc welding (GMAW) is a widespread joining process and applied
in many industrial sectors such as building construction, ship building, or car
manufacturing. GMAW is a very universal process that can be performed for
different parts using the same process tool. However, usually specialized fixtures
are required that are typically more complex when using welding robots compared
to manual welding.

The overall process is highly complex involving several process steps and diverse
technologies, such as producing the weld joint, i.e. the welding process itself,
finishing, and machining operations for intermediate processing of the weld joint.
Preparatory tasks, such as tack assembly and the insertion into the jig, are out
of scope of the example. These tasks are assumed to be neutral with respect to
manual and automatic execution.

The analyzed work cell is a welding work cell for SMEs. The cell consists of a
steel support structure on which a 32 kg payload robot, a two-axis work piece
positioner, a GMAW welding source, the control cabinet for the robot, an air
filtering system, and protective fencing are mounted (Figure 3.1). The work cell
is highly standardized, but welding itself is a complex process requiring accurate
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path following and parameter adjustment. Therefore, the robot system is a system
of category 2 on the Genefke Scale (see Section 2.3.3). For the GMAW use case,
the cost savings for the replacement of manual labor through a robot system
compared with the upfront investment cost are to be analyzed by the cost-benefit
assessment tool.

Robot with 32 kg 

payload

Two-axis work piece positioner

End-effector with welding torch, 

tool changer and collision sensor

Protective 

fence

Steel support 

structure

Control cabinet and 

ventilation (behind wall)

Welding power source

Figure 3.1 Analyzed robot work cell for welding example.

3.1.2 Machine tending robot for work piece handling

Handling applications are by far the most widespread application for industrial
robots. In the year 2014, 49% of the shipped robots and 43% of the operational
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stock of robots were used in handling applications (Litzenberger, 2015). A hand-
ling application is analyzed in this thesis, because of this high importance in terms
of market share. Most handling robots are used in packaging goods or feeding
and unloading parts from production machinery or fixtures. The latter case of
machine tending is the example selected here.

The analyzed work cell feeds cast shafts to a machining center for post-processing.
The shafts are placed by a human worker in a pattern table (low-cost automation
device). The robot picks the parts from there and inserts them into the machine.
The collet chuck of the tended machine has self-centering properties, hence a
highly accurate placement of the parts by the robot is not required. The cycle
time of the robot system is determined by the process of the machining center
and the robot is synchronized to this cycle.

The robot system requires very little application-specific adaptation. Therefore, it
is considered to be a system of category 1 on the Genefke Scale (see Section 2.3.3).
Figure 3.2 shows the analyzed work cell without the machining center.

Handling robot with 

130 kg payload

Pattern table

Gripper with 

additional axis

Work pieces

Figure 3.2 Analyzed robot work cell for machine tending example.

The main task for cost-benefit assessment of the handling work cell is to estimate
the realization costs of the robot system and comparing this cost to the reduction
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of manual labor. Additionally, the fulfillment of the cycle time of the robot
system needs to be checked to ensure that the automation solution is not the rate-
determining step. The resource consumption of the robot system, in particular
electric and pneumatic energy, is expected to be negligible compared to personnel
cost and maintenance cost of the robot system. Nevertheless, the cost-benefit
assessment tool should be capable of computing these efforts and will take them
into account.

3.2 Scope of work and related terms

This thesis focuses on the cost effectiveness of robot systems. In this context,
a robot system is defined as a machine used for industrial production involving
at least one industrial robot according to ISO 8373. Robot systems are usually
custom built, tailored to specific applications and hence special machinery. It is
expected that results of this thesis can also be transferred to other automation
systems.

The cost effectiveness of robot systems always needs to be evaluated with respect
to the application of the robot system. The term application in this context refers
to the life-time production task of a robot system. It is characterized by the
manufactured products, the properties of these products, the executed process
steps and the technologies employed in these steps, as well as the production
volume and lot-sizes. The term product here refers to the actual product produced
by the robot system during its use. In early life-cycle phases, such as design and
integration, the term product refers to the robot system itself.

A process is defined here as a work task or sequence of work tasks adding value to
a product. A process takes a certain amount of time for execution. An example
is the joining of two parts through welding which might include the process steps:
seam preparation, tack welding of the assembly, root welding, root weld curing,
welding of the seams and finishing. Each of these single process steps employs
specific technologies, e.g. gas metal arc welding (GMAW) for the root welding.
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A technology in this context is a specific method involving a physical principle
for modifying the product at single steps during manufacturing. A technology
therefore does not include any time aspect. In order to carry out processes and
provide the required capabilities for the involved technologies, an adequate set of
resources is required. A resource refers to a machine, person or tool involved in
carrying out one or several steps of the manufacturing process by applying one or
several technologies to the product.

To understand specific aspects of the realization and the usage of robot systems,
the different stakeholders in the market characteristic to the robotics industry
have to be considered. A component supplier is a company that delivers commer-
cial off-the-shelf (COTS) products with minor degrees of customer adaptation
and limited integration support that are intended to be integrated into a robot
system. The system integrator purchases automation components and integrates
these components into a robot system, i.e. a machine for production use. The
end-user deploys a robot system in order to use it as a resource for the manu-
facturing of products. The specific role of a company always has to be defined
based on a concrete automation project. Some companies might act towards their
customers as component suppliers or system integrators or both depending on the
requirements of the customer in the project. Furthermore, a company whose main
business model is the supply of automation components might act as a end-user
in a project that concerns its own production.

3.3 Analysis of the life-cycle of robot systems

A wide range of factors have to be considered to evaluate performance of a robot
system along its entire life-cycle. The life-cycle model for robot systems that is
used throughout this thesis is introduced here. Typical tasks and the involve-
ment of the different stakeholders as well as development tools are analyzed in
the remainder of this section. The ability of the different stakeholders to con-
tribute required information to the cost-benefit assessment is scrutinized in order
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to identify how different sources of information should be integrated into the
model.

3.3.1 Life-cycle model of the robot system

An assessment of the cost effectiveness of a robot system can only be useful when
it includes a significant part of the system life-cycle. This is because a higher
effort during conceptual design, development, and integration might pay-off very
quickly in production due to improved performance or higher versatility of the
resulting robot system. The lack of proper life-cycle assessment in many capital
expenditure decisions in robotics leads to sub-optimal investment decisions. This
problem is further exacerbated by the fragmented nature of the robotics market.
A system integrator has the incentive of being contracted for the realization of
an automation solution. Since competition usually is based on the purchase price
of the system, this often leads to system solutions that have a low purchase price
but are sub-optimal for the end-user in terms of the overall life-cycle cost. As
will be shown in subsequent sections, this fragmentation also causes problems as
the required information for cost-benefit assessment is distributed amongst com-
ponent suppliers, system integrators and end-users. This requires the integration
of different knowledge sources in order to obtain a closed assessment of cost and
benefit.

Figure 3.3 shows the life-cycle model used throughout this thesis. The model is an
adaptation of the life-cycle model for the machine industry proposed by VDMA
34160-06 for robot systems. The individual phases are explained and motivated
in the following.

Development and integration of a robot system

During the development and integration phase, the automation project is set-
up, the robot system is planned and components are purchased or developed.
This life-cycle phase usually starts with first negotiations between end-user and

63



3 Problem analysis

Operation
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Figure 3.3 Used life-cycle model for robot systems (adapted from VDMA 34160-06).

system integrator and ends with the factory acceptance test (FAT) of the partly
integrated system. Activities in this phase usually take place at the site of the
system integrator before the robot system is sent to the production site of the
end-user. Typical cost-relevant activities are engineering hours, labor hours for
integration and software development efforts. These efforts mostly occur on the
side of the system integrator who has the main responsibility for the project in
this phase.

The development phase is decisive for the performance of the robot system over
the entire life-cycle as the core properties of the robot system are defined here.
The proposed cost-benefit model is mostly used to guide decisions in the develop-
ment phase. Therefore, its usage has to be integrated with typical development
processes. These development processes and the role of the different stakeholders
in this phase are described in detail in Section 3.3.2.
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Commissioning and ramp-up of production

The installation and ramp-up phase integrates the robot system into the produc-
tion of the end-user. It starts with the installation of the automation equipment
at the end-user’s site. Further, it includes the initial operation of the complete
system in the final production scenario and the ramp-up of production to the
targeted production volumes. During the end of this life-cycle phase the benefits
of using the robot system begin to materialize.

This phase is characterized by a gradual shift of responsibility for the robot sys-
tem from the system integrator to the end-user. Likewise, the focus shifts from
set-up cost to cost resulting from operation. Typical cost items occurring during
installation and ramp-up are labor cost for integration and problem solving, for
example for programming, interfacing with other machines in production, and
program correction. Further, a transient decrease of the production output or
increase of scrap might result from ramp-up of production, which induces addi-
tional direct cost and opportunity cost for the end-user. The high risk that the
integration of the robot system might affect running production makes the ramp-
up phase critical for the end-user. However, efforts and required time for problem
solving are often not considered properly in cost calculations for robot systems.
Another important cost factor during installation and ramp-up is the training of
end-user’s personnel for the operation of the robot system.

Operation of a robot system

In the operation phase, the robot system is used by the end-user in nominal
production for a specific range of products. This life-cycle phase also includes
changeover to other, already tested products that can be managed without the
need to supplement the capabilities of the robot system. In this case, changeover
can be handled by a machine operator or production worker.

During operation of the system, the benefits of using the robot system materialize.
The increase in productivity, output, or quality causes cost savings that constitute
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the benefit of using the robot system. The prior life-cycle phases were concerned
with estimating the cost associated with building the robot system and bringing it
into operation. These costs can be evaluated on an absolute basis, i.e. what efforts
are required for bringing the robot system into production. For the evaluation
of the benefits of the robot system in terms of cost savings a benchmark for
comparison is required. This aspect will be further addressed during concept
development for the cost-benefit assessment tool in Chapter 4.

Maintenance and repair

Regular inspections including maintenance activities keep the capabilities of the
robot system intact. Repair restores the capabilities after breakdown. These
activities interrupt the operation of the robot system. Cost considerations for
maintenance and repair are significantly different from the nominal operation.
This is the case, because during repair and maintenance the robot system be-
comes again the product of the executed work tasks. In this phase, the end-user
typically also relies on support and services from an external partner such as the
system integrator or the robot manufacturer. Maintenance and repair are there-
fore considered as a separate life-cycle phase. Furthermore, this phase has to be
considered thoroughly as the machine will not be available for production result-
ing in additional opportunity costs. This fact might cause additional cost as the
production of adjacent machines and processes might be interrupted as well.

Reconfiguration of a robot system

During the reconfiguration phase, the capabilities of the robot system are augmen-
ted to be able to cope with changed conditions, such as new types of products, new
technologies, or changed production volume. Reconfiguration is usually carried
out by the system integrator or a specialized department of the end-user. There-
fore, it is not considered to be part of the nominal operation. Typical cost items
are personnel cost for programming and redesign of fixtures and tools. Currently,
reconfiguration is relatively rare, because the associated cost is often in a similar
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range to purchasing a new robot system. But, due to developments in automated
programming, cognition, and agile means of production, reconfiguration of exist-
ing robot systems is increasingly becoming cost-effective. Ease of reconfiguration
is a key area of research and development for bringing the advantages of automa-
tion to new application areas and for maintaining the cost-effectiveness in existing
areas which are subject to increasingly volatile market conditions.

Decommissioning

The robot system might become unusable for the end-user, e.g. because the
product became obsolete and the use for a new type of product is no longer
feasible, a newer machine with better cost-benefit ratio is available, or the ro-
bot system is worn out and does no longer fulfill the required quality standards.
Consequently, the robot system will be decommissioned. This life-cycle phase is
mentioned for completeness although it does not significantly contribute to the
overall life-cycle cost of most robot systems. The reason is that robot systems
typically neither contain hazardous components with expensive disposal nor in-
clude components that can be resold for a significant price. Decommissioning is
therefore neglected in the following.

3.3.2 Involvement of stakeholders in the life-cycle

Industrial robots are by definition (ISO 8373, 2012) universal, programmable
manipulators and therefore fulfill no predefined function. The central task in
industrial robotics is building a production machine with the robot as basic com-
ponent. This tasks includes carrying out engineering and integration activities.
Examples are the design and integration of customized peripheral components
such as end-effectors, fixtures, and feeders. Further tasks concerning the overall
robot system are safety analysis, component integration, and overall performance
optimization.
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Figure 3.4 Stakeholders in integration and operation of industrial robot systems, their
connection to cost modeling in robotics, and life-cycle phases.

As outlined in Section 1, the challenge for cost-benefit assessment of robot systems
is that the required information is distributed among the different stakeholders,
namely component suppliers, system integrators and end-users. Figure 3.4 shows
the life-cycle of the engineering process for robot systems, the involvement of these
stakeholders and their connection to different aspects of cost-benefit computation.
The relation between the middle and the right column specifies the involvement
of the different stakeholders in the life-cycle of the robot system. The component
suppliers develop components that are the building blocks of the robot system.
Apart from sales, they might offer consulting regarding the use of their products
and minor adaptations of their products for specific applications. The system
integrator is responsible for the development, integration and testing of the robot
system up to the FAT. The deployment of the robot system into the factory
of the end-user typically involves both, the end-user and the system integrator.
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The regular usage is then managed by the end-user. Not shown in Figure 3.4
is that the system integrator will usually be involved in maintenance, repair and
reconfiguration. Also not shown is the fact that the robot manufacturer is directly
involved in the service of the robot.

The relation between middle and left column of Figure 3.4 highlights what in-
formation in the cost model can be supplied by which stakeholder and how those
stakeholders can draw results from the cost-benefit model. The concept of the
robot system and hence the bill of material of components for the integration are
supplied by the system integrator. Information on component prices and per-
formance are supplied by the component supplier. The properties of the product
model during integration, i.e. the robot system, define the properties of the re-
source models during usage, as the performance in operation depends on the
used components and their integration. The system integrator mostly interacts
with the integration aspects of the cost model. The system integrator supplies
parameters for the models of the integration activities, related resource models,
and most of the accounting information during the integration phase. In turn,
the system integrator is interested in information on the required efforts for the
realization of the system in terms of personnel effort and hardware cost. The
end-user supplies information for the process and product models in the usage
phase as well as accounting information as it is the stakeholder most involved
in the usage phase. In turn, the end-user receives information on the required
investment for the robot system and an overview of costs and benefits over the
system life-cycle.

Summing up, the involvement of the stakeholders and their ability to provide
information and usage requirements for the cost model vary in the different life-
cycle phases:

◦ During development and integration, the main work efforts are carried out
by the system integrator that purchases components and integrates them
into a robot system. The system integrator defines the system setup and
requires information on the cost effects of design decisions in order to justify
design choices to the end-user and maximize project profit. Component man-
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ufacturers supply information on performance characteristics and pricing of
components.

◦ During commissioning and ramp-up the responsibility for the robot system
shifts from system integrator to end-user. Both stakeholders have significant
work efforts in this transit and define the related cost items.

◦ During operation, the main stakeholder is the end-user. For repair, com-
missioning, and reconfiguration, external partners, in particular the system
integrator and robot manufacturer, are involved. The end-user has the know-
ledge on how the system is used and what products are manufactured. In
addition, the end-user has the required information about the internal cost
structure in manufacturing.

The aim of the cost analysis from the point of view of the end-user is to obtain
information whether the use of the system is cost-effective and how its operation
can be optimized from an economical point of view. The system integrator wants
to assess whether building the robot system for the end-user at a specific price
is an economically sound project that promises a profit justifying the involved
risk. Furthermore, the system integrator is interested in demonstrating to the
end-user the benefits of his particular robot system concepts over the entire life-
cycle. The model presented here reflects these different point of view and the
specific involvement of the stakeholders in single life-cycle phases by structuring
model elements and data accordingly.

3.3.3 Cost and flexibility of robot systems

Besides secondary objectives such as strategic advantages, improvements in qual-
ity or workplace ergonomics, the most important reason for automation are cost
savings through reduction of manual labor per produced unit. Manual workplaces
are typically characterized by a low initial investment as little or no machinery
is required and the workplaces are not closely tailored to a specific application.
As human workers can be employed very flexibly for changing tasks, this leads to
relatively low fixed cost and high adaptability of the work environment. However,
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the manual work also creates high variable costs per piece compared to automated
processes.

Compared to manual processes, automating a process typically requires a signi-
ficant investment. Furthermore, requirements for space and maintenance increase
the fixed yearly cost. This initial investment is expected to pay-off through the
reduction of personnel cost. Compared to the cost of manual labor the costs for
energy and other operating supplies of most automation solutions are very low.
Therefore, the variable costs per product unit of automated processes are typ-
ically much lower than the variable cost per piece of manual processes. Hence,
automating a process typically means replacing variable cost1 by fixed cost in
order to achieve a cost advantage for a certain production volume (Figure 3.5).

Robotic process

 High investment (hardware, integration)

 Low costs for manual labor 

 Cost of energy, repair and maintenance

 High fixed cost

 Low variable cost

Manual process

 Low investment

 High costs for manual labor

 Low fixed cost

 High variable cost

Fixed cost

 High flexibility

Variable cost

Fixed cost

Low flexbility

High risk of obsolescence

Variable cost

Automation:

- Lowering of variable cost through 

reduction of manual effort

- Creation of fixed cost through investment

- Increased risk of obsolescence through 

high adaptation cost

n

Cost per piece

n

Cost per piece

Figure 3.5 Comparison of cost aspects of manual and automated production.

However, automation systems are typically tailored for a specific range of products
or often even for a single product. The adaptation to new products requires

1Personnel cost refers to personnel cost per produced unit. Even through personnel cost on the
company scale are often fixed due to job protection the personnel cost per produced unit is
considered as variable cost as it is assumed that workers can be employed for other tasks. This
assumption appears valid as retraining of human workers for standard production tasks causes
relatively low effort when compared to automation.
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notable effort resulting in a reduced flexibility when compared to manual work.
This leads to a significant risk of obsolescence of automation systems resulting in
an expectation of short payback intervals of typically two to three years in most
industries. Hence, the aspect of risk resulting from the uncertainty of the future
in terms of market demands and future products is very important. In the light
of this fact, it is even more astonishing that an explicit quantification of risk is
not carried out in many capital budgeting decisions regarding automation.

3.3.4 Interaction of system integrator and end-user

The realization process of the robot system includes the first two life-cycle phases
Development and Integration and Commissioning and Ramp-up. The realization
for industrial robot systems is complex and involves a wide range of development
methods and software tools (Figure 3.6). This includes standard office tools such
as text processing and spreadsheets during the entire project. Tools for design
and simulation of the robot system such as as offline programming (OLP) and
computer aided design tools (CAx, CAD) are used in development. Integrated
development environments (IDE) are used for creating custom software functions.
Vendor specific tools for configuration and online programming are used during
robot system integration. Most tasks in these phases are carried out by the system
integrator.

The analysis of the application requirements results in the requirement specifica-
tion as an input for the system integrator. Often, a rough economical feasibility
check is carried out in this phase to check whether cost-effective automation ap-
pears possible for the analyzed production task. In the following, a rough concept
is generated by the system integrator to obtain the functional specification for
the project. This often includes simulations and illustrations of the final machine.
Depending on the complexity of the robot system, single functions are analyzed in
a separate feasibility study. After the validation of all functions, the robot system
is designed in detail resulting in the functional specifications for all components
and modules. Depending on customer requirements, industrial sector, and size
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tools in these stages. Optional phases are drawn with dotted line.
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of the robot system, the process up to this point is sometimes part of the realiz-
ation project, i.e. after completion of a contract between system integrator and
end-user, and sometimes part of project initiation before a realization contract
has been signed. Sometimes the work is performed within a small pre-project
preceding the actual realization project.

After the detailed concept, the single components of the robot system are de-
veloped or purchased by the system integrator. In this phase, the system integ-
rator tries to realize the system according to the planned cost structure. Currently,
cost effects on the entire robot system and resulting life-cycle cost implications
are typically not assessed during the development of the single components of
the robot system as long as the components stay inside their specifications. In
the development phase, the system integrator uses common engineering and soft-
ware development tools in order to create development artifacts. Examples are
CAx tools, for example for mechanical and electrical design, offline programming
(OLP) software for simulation and an integrated development environment (IDE)
for software development. Subsequently, the single components are integrated
into a robot system. Here, the configuration and programming of the single com-
ponents gain more and more importance. After integration and acceptance by
the end-user, the robot system is commissioned, including documentation of the
system, and installed at the end-users facilities. After the initial operation, the
production is ramped-up and acceptance testing is carried out. At this stage, the
system integrator and the end-user might perform a post calculation to learn for
further projects. However, in industrial practice, this post calculation is often not
carried out.

3.3.5 Alignment of system integrator and end-user
interests in the realization of robot systems

System integrator and end-user have different aims in the assessment of cost and
benefit. The system integrator estimates the realization efforts for the robot
system and determines the project price for which he can offer the system while
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being able to generate a profit. As he wants to convince the end-user to accept
his offer, the system integrator is motivated to offer the robot system at low cost.
Therefore, the system integrator will usually try to:

◦ build the system from components with which he has previous experience,

◦ exclude some integration activities and components from the offer in the hope
to sell these as additional services to the end-user later on,

◦ propose a solution that can be supplied at low cost rather than produce a
solution with optimal performance,

◦ overstate soft performance characteristics of the proposed solution,

◦ contractually withhold development artifacts from the end-user in order to
bind the end-user to long-term service agreements, and

◦ transfer realization risks to the end-user, for example through requiring cer-
tain work piece properties or contractually excluding certain risks.

On the other hand, the end-user has to evaluate competing, heterogeneous propos-
als from different system integrators with respect to a wide range of performance
indicators relating to technical performance, cost effectiveness, and project risk.
These indicators have to be evaluated in the light of uncertain scenarios regarding
the future production for finding the best solution over the whole life-cycle. In
order to perform this assessment, the end-user requires exactly the information
that the system integrator is motivated to withhold or at least to disguise.

The engineering process possesses relatively smooth stage transitions in which the
interests of partners exchanging information are well-aligned. The cost assessment
process contains a break during the contract negotiations that prevents effective
cost-benefit assessment over the entire life-cycle of the robot system. This break
occurs because the interest of system integrator and end-user are not aligned
and therefore these stakeholders are not motivated to share information. The
resulting lack of information makes it impossible for system integrator and end-
user to negotiate over the life-cycle cost as the most important key performance
indicator (KPI) for the end-user. As a result, the negotiation is based on KPIs
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that are only indirectly related to life-cycle cost. Often a strong focus is placed on
the purchase price of the robot system. This pushes the system integrator towards
suggesting robot systems and project conditions that are not optimally aligned
with the interests of the end-user. This misalignment of interests is summarized
in Table 3.1.

The root cause for above mentioned misalignment of interests is the lack of decision
support that prevents a more elaborate grounding of investment decisions. Solving
this problem would allow end-user and system integrator to negotiate on a more
advanced level as the end-user would be able to assess the true life-cycle cost of
the robot system. This in turn might justify a higher upfront investment as it
would be possible to prove that the higher investment will pay off in the long run.
Establishing this type of cost-benefit transparency could push the robotics market
towards more ambitious solutions and hence increase the pace of innovation in
industrial robotics.

3.4 Problem statement and breakdown

In order to formulate the problem, the usage scenarios of cost-benefit assessment
are outlined. Based on these scenarios the problem is formulated and broken
down into single sub-problems whose solutions form the main contributions of
this thesis.

3.4.1 Usage scenarios of cost-benefit assessment and
problem formulation

The analysis of the development life-cycle of the robot system reveals that the
insufficient flow of information between system integrator and end-user regarding
the life-cycle cost of the robot system poses a problem for setting-up well-targeted
automation projects in which the interests of system integrator and end-user are
well-aligned. This misalignment of interests occurs in the conceptual design phase,
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Table 3.1 Conflict of interests of system integrator and end-user.

Aspect System Integrator End-user

Purchase
cost

Aims at achieving a high profit mar-
gin, i.e. minimum realization cost
and high purchase price. Motiv-
ated to propose solutions that can
be realized at low cost/ risk.

Aims at lowest system price while
fulfilling the requirements. Has to
weight differences in purchase price
and performance of different suppli-
ers.

Operating
cost

Wants to generate revenues from
servicing of the robot system. In-
terested in end-user lock-in and reg-
ular service requirements. Not mo-
tivated to reduce the operating cost
beyond the requirements of the end-
user.

Wants to reduce operating cost as
far as possible. Wants to avoid ser-
vice and lock-in as far as possible.
Might view theses aspect as second-
ary during procurement phase.

Life-cycle
cost

Only interested in the life-cycle cost
of the system as sales argument.

Truly relevant cost figure for the
end-user. However, due to the com-
plexity of assessment, the end-user
often evaluates proposals primarily
based on the sales price.

Develop-
ment
risk

Aims to reduce responsibility for
the realization risk, further encour-
aging unambitious solutions. Tries
to hedge the development risk on
the end-user.

Wants to outsource the develop-
ment risk to the system integrator
as far as possible. Requires flexib-
ility for changes in requirements at
later stages of the project.

Additional
work

Wants to exclude additional work
and make additional claims in case
of changes.

Prefers a price guarantee where the
price for additional work is included
in the system price.

System
perform-
ance

Interested in meeting the end-users
requirements. Sales people some-
times encouraged to promise unreal-
istic performance to get contracted.

Aims at obtaining a system with
best relation of cost and benefit over
entire life-cycle. Struggles to find
relevant performance metrics and
specify meaningful requirements.

Service Wants to create service lock-in. Interested in flexibility with respect
to service provider.
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the detailed design phase, and the post calculation of the project and influences
the cost-effectiveness over the entire life-cycle.

A decision support tool is required to overcome this misalignment during the con-
ceptual design phase. This decision support tool has to guide principal design
decisions based on their effects on costs. Currently, in the conceptual design
phase, formal cost calculation is not used at all or very simple calculations are
made. These calculations usually compare competing solutions with respect to
their realization price and some other KPI. However, as already explained, de-
cisions taken in the conceptual design phase are defining the life-cycle cost of the
final system. These aspects become more important as usage scenarios of robot
systems become more dynamic in terms of manufactured volume, variants, and
new products.

The detailed design phase is typically closely entwined with the contract nego-
tiation between system integrator and end-user. The system integrator has to
continuously refine its design in order to quote the project to the end-user. Typ-
ically, the end-user and the system integrator make cost calculations to evaluate
the benefit generated by the project. Furthermore, system integrator and end-
user communicate through the performance characteristics of the robot system.
A cost-benefit calculation tool should help in this phase to integrate relevant
information of the cost calculations of both sides in order to allow a life-cycle
assessment of the proposed automation project. This is in the interest of both
parties. The end-user would be able to resolve the trade-off between conflicting
design parameters, for example investment cost and system performance, based
on design information rather than establishing arbitrary thresholds constituting
a particular resolution for this trade-off. The system integrator would be capable
of demonstrating the benefits of its technology over the entire life-cycle instead
of suggesting a system that conforms as well as possible to the arbitrarily chosen
resolution of performance trade-offs of the end-user.

During the development phase, a cost-benefit tool can be used as a decision sup-
port system to reflect design decisions. As a tool for post calculation, the cost-
benefit tool can be used to determine the actually achieved costing performance
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of the robot system over the life-cycle. This evaluation can be used to award
a bonus to the system integrator to motivate the system integrator to align its
interest with the end-user’s interest.

As it becomes clear from the above mentioned life-cycle and common costing
methods outlined in Chapter 2, the aspect of risk related to single decisions or
the automation project is currently not widely addressed. Sometimes a few scen-
arios regarding commissioning and use of the robot system might be calculated in
order to obtain a rough understanding on how the project reacts to changing as-
sumptions. However, this is not sufficient to shape the robot system in the design
process and to identify functionality that significantly contributes to or prevents
certain risks.

Problem definition: The problem addressed in this thesis is to enable the
pervasive use of costing calculations in the entire design process of a robot system
for supporting design and investment decisions while making the associated risk
of different options transparent and integrating the knowledge of the involved
stakeholders seamlessly.

3.4.2 Breakdown of problem

The problem of evaluating the cost-effectiveness of advanced robotic solutions is
broken down into different aspects. Firstly, a cost-benefit model reflecting the
particular structure and life-cycle of robot systems is required. This model needs
to be able to simulate the cost aspects of the robot system over the entire life-cycle.
Furthermore, this model needs to be able to incorporate the inherent uncertainty
in all cost data and allow assessing the influence of these uncertainties on the
cost and benefits of the robot system. Secondly, the cost-benefit model requires
extensive amounts of input data that is distributed among different stakeholders.
Usually not all required information is available. This missing information needs
to be estimated, for example based on past projects with similarities. For this
purpose, means for knowledge management and for reasoning to complete missing
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Figure 3.7 Relation of the addressed sub-problems.

data based on comparable automation projects or user estimation are required.
Thirdly, the cost-benefit approach needs to be integrated into the development life-
cycle to address the above mentioned requirements. These three sub-problems and
their relations are shown in Figure 3.7 are explained in the following sections.

Cost-benefit model

The problem of finding a suitable cost-benefit model includes the problem of
modeling of all decision-relevant costs and benefits of owning the robot system over
the entire life-cycle. The problem on the cost side revolves around finding suitable
models for describing the cost-causing activities and computing the resulting cash
flows. The problem of quantifying the benefits that result from the use of the
system in production is more fundamental and includes the definition how benefits
are quantified in principle. Distal-monetary benefits, i.e. benefits which are hard
to quantify in terms of cash-flows, such as flexibility with respect to changing
products, improved quality or strategic considerations are not explicitly addressed
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in this thesis. However, some of these benefits can implicitly be linked to the
aspect of uncertainty represented by the model.

Cash flows are measured in currency units and can be directly compared with
each other after being discounted to the same time basis. Although measured in
currency units, the terms cost and cash flow are not limited to actual transfer
of monetary resources. For example, the consumption of resources, e.g. work,
results in cost although the resulting transfer of monetary resources might take
place at a later point in time, i.e. at the end of the month in case of salaries. This
assumption appears useful as the cost-benefit model should exclude accounting
details, such as the accounting practice regarding salaries, as far as possible.
Therefore a cash flow is defined as the inflow/creation or outflow/consumption of
valuable assets from or to a stakeholder directly related to activities performed for
modifying or operating the robot system. In the following, positive cash flows refer
to an outflow/consumption of valuable assets, e.g. cost in the form of outflow of
financial resources or resource consumption. Negative cash flows refer to benefits
and returns, i.e. to inflows of valuable assets.

The cost model takes a usage scenario of the robot system as input and yields
the cash flows that occur due to the activities for producing and using the robot
system. However, these cash flows themselves do not allow an assessment whether
or not the investment into the robot system is a good decision or the evaluation
of certain features with respect to their user over the system life-cycle. In order
to do this a metric for the benefits of using the robot system is required.

The addressed problem in cost-benefit modeling is finding a model description that
connects the information on what is produced (product) with the used produc-
tion technologies (process), the resources that are used in the production process
and basic cost data of the producing company to determine the production cost.
This objective has to be achieved in all relevant phases of the robot system’s life-
cycle. During the development, integration, commissioning and ramp-up phase,
the product is the robot system itself, the technologies relate to integration tasks
and the resources are personnel and production means for producing the robot
system. During the usage phase, the robot system is the resource used for pro-
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duction of actual customer products and the technologies are the manufacturing
processes carried out in the robot cell.

The model needs to reflect the interdependence of the single life-cycle phases. In
particular, it needs to describe the dependence of performance characteristics of
the robot system in the usage phase on the set-up of the robot system defined
in the integration phase. Model descriptions need to be found for products, pro-
cesses, resources. Furthermore, overheads on these costs need to be modeled for
the individual companies having a stake in building and using the robot system.
All these models need to be able to represent uncertainties in their properties.
Finally, means are required for executing the cost-benefit model and representing
the resulting information to decision makers in an intuitive fashion.

Knowledge management

The use of existing cost-benefit models often requires significant effort due to the
large amount of input data required for computing the model. For the stakeholders
participating in the development, commissioning, and operation of robot systems
required data is often not available as for example:

◦ the costs do not occur in the own company, such as development efforts from
the view of the end-user or installation efforts or personnel cost from the view
of the system integrator,

◦ efforts and cost are not known as robot systems are special machinery and
directly transferable examples of similar devices do not exist or

◦ because the relevant cost data is not tracked by the company, e.g. set-up
times for machine tools in SMEs by experienced workers.

The core task for knowledge management is to capture information from different
stakeholders, namely component suppliers, system integrators, and end-users as
well as general market data and to integrate it into a consolidated set of knowledge
to be used by the cost model. If input data is missing, for example in case a
machine is developed without a specific customer supplying its personnel cost for
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operation, estimates and an assessment of the quality of the estimate, i.e. the level
of uncertainty associated with it, are required.

To that end, methods for knowledge management are required that solve three
main tasks:

1. Data input: Capture and categorize data from existing automation projects,
e.g. by surveying existing projects.

2. Knowledge representation: Mechanisms for data representation that allow
categorization and aggregation of information from past automation projects.

3. Knowledge usage: Means that allow the user to parameterize the cost-benefit
model for a specific application to be evaluated by using existing data, while
the system questions the data representation to complete missing information
including an estimate of the uncertainty related to this information.

Critical attention has to be payed to the fact that the cost-benefit assessment
will be carried out in early phases of the robot system’s development with limited
knowledge about the single components.

Integration of costing into the development life-cycle of the robot
system

The cost-benefit assessment system developed here can be used in different phases
of the development life-cycle to support decisions. As the development proceeds,
more information on the system setup becomes available and should be reflected
in the cost model to improve its accuracy. Therefore, a tight integration of the
costing tools into the development life-cycle and seamless information transfer
between development tools, mostly PLM tools and CAx tools, is required. This
will allow to add additional information from CAx tools to the cost-benefit model
and feed-back information generated during the cost-benefit assessment process
to the main models used in CAx design. The requirements on the cost-benefit
assessment tool and its single components are summarized in the Appendix 1.
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Apart from the technical challenges of integrating the cost-benefit model in the
development life-cycle, also the motivation of potential users to supply data and
utilize the cost-benefit assessment tool have to be discussed. The business models
of system integrators and component suppliers depend partially on customer lock-
in. This leads to the problem that the cost-benefit assessment tool needs to be
designed in a way such that these stakeholders are willing to supply data to the
cost-benefit assessment system, because they see a benefit for their business in
it.
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model

In this chapter, the overall concept of the cost-benefit model for robot systems
is established. At first, the methodic approach is defined. Based on this, the
chapter explicates the structure of the cost-benefit model for the entire life-cycle
of robot systems. It defines the applied methods and mathematics using the state
of the art and building on the analysis of the problem. The aspect of handling
uncertainty plays a central role in this conception. Furthermore, the approach
for handling knowledge from different stakeholders, namely component suppliers,
system integrator, and end-user is defined.

4.1 Overall costing system concept

As outlined in the state of the art (see Chapter 2), different options for treating
cost-relevant aspects of robot systems exist. This section discusses these different
alternatives and evaluates them in the light of the analysis presented in Chapter 3.
Based on this, the preferred approach to cost-benefit assessment is chosen.

4.1.1 Approaches to cost computation of robot systems

Five different approaches to cost-benefit assessment are considered. The process-
oriented approach estimates cost based on models for the different work tasks
during implementation and usage of robot systems. The expert-based approach
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computes cost estimates through a combination of expert estimates. Analogy-
based approaches attempt to estimate costs from comparable solutions that have
already been realized. Approaches using artificial intelligence analyze cost data
from past projects to establish an expert system without the need for explicit
model building for the development and usage process. The hardware overhead
approach estimates overall cost through fixed overheads on the investment of
system components. These approaches are investigated in more detail in the
following.

Process-oriented approach The process-oriented approach is centered around
a model of the work processes executed in the different phases of the robot
system’s life-cycle. Cost models for all processes allow an estimation of the
cost generated by the work process. Using these cost models, cost aspects
along the life-cycle of the robot system can be simulated. Hence, the process-
oriented approach tries to model all details of cost creation. The downside
of this approach is that a high number of specific models for cost creation
are required. On the other hand, this approach allows to reflect a high level
of knowledge in the cost-benefit model that is available instantly in case an
estimate is required.

Expert estimation Experts are often able to provide estimates of cost for single
integration phases or subcomponents of the robot system. These expert es-
timates can either be provided in terms of a scale, for example robot price
depending on payload range or programming effort depending on number of
weld seams, or as absolute values for a specific task. In this context, two
possible embodiments of the expert system exist. In an expert network, the
estimation task is broken down into domain specific estimation tasks that are
then supplied to an expert network to obtain estimates for these aspects. The
estimates are then combined to obtain an overall estimate. Another possible
embodiment is to store typical expert estimates in a knowledge base system
for retrieval in case they are needed. Expert estimation allows to obtain a
large amount of information without the need for explicit modeling. How-
ever, general questions regarding biased estimates by experts persist. Fur-
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thermore, the approach of an expert network prohibits to obtain immediate
cost estimates and creates significant effort for each estimate.

Analogy-based approaches Analogy-based approaches rely on case-based reas-
oning and try to estimate cost from past projects that have analogies to the
analyzed application. Such analogies are for example the properties and
quantities of the manufactured product, the applied manufacturing techno-
logies as well as the type and quantity of components of the robot system.
Analogy-based approaches allow to use information from past projects ef-
fectively. However, the comparison often requires experts familiar with the
past projects under scrutiny. Additional questions prevail with respect to
confidentiality of the data of past projects and the fact that cost calculations
are not available in a standardized scheme. A corresponding, anonymized
database is required to realize this approach. Furthermore, market changes
might invalidate the information from past projects.

Data analytics and deep learning A lot of current research in robotics fo-
cuses on utilizing approaches from machine learning and data analytics in
robotics. Using approaches such as deep learning could be used to extract
structures from cost data and project information of past automation pro-
jects. In particular, the ability to establish high-level abstractions from data
could prove useful for structuring cost information from past projects. Again,
as with analogy-based approaches, a problem might be the availability of
structured cost information with semantic annotation. Furthermore, the
amount of information that can be gathered in significant detail is most
likely not sufficient for machine learning approaches.

Hardware overhead model A high percentage of the cost of a typical robot
system results from hardware cost, for example for the robot itself, peripher-
als, and controllers. Hardware produces additional effort during integration,
set-up, initial operation, and maintenance. The hardware overhead model
approach estimates typical overhead costs that these components cause as
a percentage of the sales price. The underlying assumptions are that com-
ponents cause these costs and that these costs are related to the component
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price. In fact, the effort for some activities is correlated with the component
price. For example, the maintenance of higher priced components is typically
also more expensive or high performance products require more careful integ-
ration and therefore cause higher integration cost. However, this approach
can only make very general estimates as it cannot trace actual causalities
leading to cost generation. It is expected that this approach is only suitable
for modeling a few key cost items, since most activities required for integ-
ration do not depend on the purchase price of the involved equipment but
rather on the number and complexity of integration tasks and on how the
component is used. The required efforts for these tasks vary widely for differ-
ent types of components and also depend on the exact usage and functions
of the components in the robot system.

4.1.2 Assessment and selection of conceptual approach

Figure 4.1 compares the considered approaches with respect to key findings from
the analysis in Chapter 3.4. The considered criteria for the comparison are:

◦ Accuracy and detail: expected accuracy of estimation and level of detail of
the assessment of robot system and application

◦ Uncertainties: possibilities of handling uncertainty in the model

◦ Data: supply of data, availability of required information and how it can be
obtained

◦ Speed: speed and effort for obtaining estimates for a specific automation
project

◦ Stakeholders: ability to reflect views of different stakeholders and integrate
their data

◦ Integration: integration with the design process and the tool used in the
design process
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◦ Risk: risk associated with the approach for obtaining useful results for the
cost estimation for robot systems (risk regarding applicability and feasibility
of the chosen approach)

The expert assessment of the different approaches with respect to the introduced
criteria shown in Figure 4.1 is justified by the specific properties of the approach
stated with the respective evaluation.
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Figure 4.1 Comparison of identified approaches for cost modeling in robotics.

As can be observed from Figure 4.1, the process-oriented approach is the most
promising with respect to the specific requirements for the costing system. Hence,
the process-oriented approach is selected as the predominant approach for the de-
velopment of the cost-benefit model. In particular, the ability to model cost
creation mechanisms in great detail and the ability for implicit consideration of
uncertainties in these models are beneficial here. Furthermore, this type of model
requires only the execution of algebraic functions for simulating a specific system
set-up or usage scenario. Therefore, the model allows supporting concurrent de-
cisions during the system design process. Finally, the process-oriented approach
is easy to integrate into the overall design process of the robot system, as it at-
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taches activities to design artifacts contained in the development data. The key
question for applying the process-oriented approach is the detailed structure of
the cost-benefit model and finding activity models that allow describing single
costing aspects of the system development and usage. This combination of the
process-oriented approach to costing with the PPR-approach commonly found in
plant engineering (see Section 2.4.1) is one of the key contributions of this thesis
and detailed in the following section. For modeling single cost aspects other
approaches such as expert estimation, analogy-based approaches and hardware
overheads might be used, even though the process-oriented approach is chosen
here as the central approach for the cost-benefit model.

4.2 Uncertainty-aware cost-benefit model

This section describes in detail the structure of the developed cost-benefit model
and the theory behind the different components. As outlined above, the model
uses a process-oriented costing approach and combines this approach with the
PPR-approach from plant engineering.

4.2.1 Types of cost

Work activities imply effort and cost through the continuous usage of resources
or consumption of material and energy. Activity-driven costs are defined as costs
that occur through performing work activities, which have a defined start-time and
end-time. The start of the activity can be associated with an event triggering the
activity. Examples of activity-driven cost are the cost associated with personnel
effort for the integration of a component into the robot system or cost for the
usage of energy due to the execution of a manufacturing task.

Other costs are caused directly through discrete events. These so called event-
driven costs are directly and immediately caused by specific events without the
usage of resources of the stakeholder, i.e. without a continuous activity. When
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examined closely, event-driven costs usually capture activities that are carried
out by another stakeholder or are beyond the scope of the model. An example
of event-driven cost is the cost for payment of system equipment. Activity-driven
and event-driven cost are treated equivalent in the cost model, i.e. a discrete
cost-item is modeled through an activity with zero time duration.

Some cost items are not related to a specific activity, but result from the usage
of basic resources, such as capital or space, over time. These costs are referred
to as time-driven costs. Time-driven costs are cost whose amount depends on
the time passing while being in the possession of the robot system. Examples of
time-driven costs are the cost of space occupied by the robot system in production
or the cost of capital for financing the robot system.

4.2.2 Structure of the cost-benefit model

One key aspect of the process-oriented cost model is its model structure. The
model structure has to reflect relations of work processes, events that cause the
expenses and finally their cost. Furthermore, it needs to support the re-use of
knowledge. The model for activity-driven and event-driven cost is structured
with respect to the work processes resulting from the production requirements
of the product. The time-driven cost aspects are treated in a separate structure
outlined later-on in Section 4.2.2.

It is proposed to build the cost-benefit model structure for activity-driven and
event-driven costs based on the PPR-approach (see Section 2.4.1). It is further
proposed to extend this approach to model the generation of expenses in the
different life-cycle phases according to life-cycle costing (LCC) methods (Sec-
tion 2.1.2). Finally, it is proposed to model the creation of expenses on product,
process, and resource level by using techniques from activity-based costing (ABC,
Section 2.1.1). The resulting cost-benefit model combines PPR as typical ap-
proach for structuring plant information, with an assessment of the entire robot
system life-cycle, and an implementation of the process-oriented costing approach
through so called activity models borrowing from ABC.
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This cost-benefit model (see Figure 4.2) takes the product-centric view, i.e. the
product is taken as entry point for the analysis of cost. The product model
specifies the manufacturing needs in terms of features to be created and the man-
ufacturing processes to be carried out on the product. The model of the process,
including models of the involved technologies, refines this information with details
about the required involvement of resources. The resource models translate the
information about resource involvement into efforts related to the consumption
of primary resources. In order to relate this to cost caused by the production
activity, it is proposed to introduce a fourth level to the PPR-approach. This
fourth level will be dedicated to modeling of cost creation. It will be called the
cost-pool. Here, the efforts on the resource level are transformed into actual cost.
This extended PPR-approach is called PPRC-approach in the sequel.

The models in different life-cycle phases are interconnected. The model of the
robot system is the product model in the realization phases while it becomes
the resource model in the usage phase. Therefore, the product model during the
realization phases defines the performance criteria of the resource model during
nominal production. This is the case because the physical properties of the robot
system determine the throughput, robustness, and quality that are later achiev-
able in production. A role-based approach is used to capture this interdependence
(see Section 4.2.4).

For further clarity regarding the combination of the PPRC-approach and activity-
based costing, the models, their inputs and their outputs shown in Figure 4.2 and
Figure 4.3 are outlined for the GMAW example. The manufacturing requirements
are defined by the product, which requires the creation of a specific feature, e.g.
producing a weld seam with 3 meters length with geometrical properties specified
by the desired end-state of the product. This feature information on the product
side is the input for process related activities. The production volume is translated
into an output on process level using a model of the manufacturing technology.
Furthermore, constraints arising from the use of specific resources, e.g. maximum
speed of robot or maximum power rating of welding source, are taken into account
in this process. Staying with the welding example, the volume of weld seams to
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Figure 4.2 Schematic structure of the life-cycle model.

be manufactured is transformed into the required time for welding by using a
model of the welding process. This output on the process level is the input on
the resource level. For the welding example, the resource level translates the time
required for welding into the overall time for production of the weld seams, the
required energy, and the amount of manual labor. The outputs of the resource
model are inputs for the cost-pool level. Here, the production costs are determined
from accounting data. The cost-pool differentiates between product specific costs,
for example commodities and components, which are treated as event-driven cost
and cost that are related to activities of the manufacturing resources, for instance
cost of energy or work effort.

In the following, the structure of the cost-benefit model for activity-driven and
event-driven costs in the realization phase (Development and Integration, Com-
missioning and Ramp-up) and the usage phase (Nominal production operation,
Repair and Maintenance) is explained in detail. In each of these life-cycle phases,
the model is set up according to the general schematic for a single life-cycle phase
shown in Figure 4.3. The production schedule in this figure either refers to the

93



4 Conception of the cost-benefit model

Production 

schedule
Cost-pool

Data on system 

usage

Machine activity „Production P1“

Data / models of 

robot system

Cost data of 

company

Production planning 

of end-user

System 

integrator

t

Production activity

Production 

amount

Start time

End time

Machine schedule

Rigging

Production P1

…

Product 

cost-pool

Resource 

cost-pool

Char. cost 

item 1

Char. cost 

item 2

Char. cost 

item 3

…

Production P2

Clean-up

Accounting/ purchasing 

of end-user

Resource 

activity 1

Process 

activity 1

Resource 

activity 2

Resource 

model

Process 

model

resource data

Product 

model

Product 

feature A

technology data

…

Product data

product data

Product 

development

Resource 

model

Process 

activity 2

…

Product 

feature B

…

Process 

model

accounting dataproduction plan

Figure 4.3 Structure of the used cost-benefit model and data sources for production-
centric costs.

products produced on the robot system (during nominal production) or to the
activities required for realizing the robot system (during development, integra-
tion, commissioning, ramp-up, reconfiguration, repair and maintenance).

Life-cycle phases centered around the robot system as product

During the life-cycle phases development and integration, commissioning and
ramp-up, repair, maintenance, and reconfiguration, required activities are mostly
defined by the components of the robot system. Costs are caused by component
purchases and work efforts for integration, engineering and problem fixing. These
costs are related to building the robot system or for keeping it operable and
are therefore called machine-centric costs. Table 4.1 gives examples for machine-
centric cost items that are relevant for robot systems.

A high percentage of machine-centric costs occur due to work efforts resulting
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Table 4.1 Machine-centric cost for robot systems.

Category Examples Life-cycle phase Underlying
driver

Infrastructure adapt-
ation costs before
machine installation

Adaptation of building,
relocation of existing
machinery, adaptation of
material flow, adaptation
of company organization

Commissioning and
ramp-up

event-driven,
activity-driven

Equipment cost for pur-
chasing of components
from third party suppli-
ers

Robot, sensors, fencing,
tools and grippers, con-
troller, computers, safety
equipment, custom ma-
chined parts, etc.

Development and
integration (in-
tegrator), order
placement and
ramp-up / commis-
sioning (end-user)1

event-driven

Engineering cost for
planning, implement-
ation and problem
shooting

Planning, management
and design of robot
system.

development and
integration (in-
tegrator), order
placement and
ramp-up/ commis-
sioning (end-user)

activity-driven2,
event-driven

Integration cost for mak-
ing single components to
work together as a sys-
tem

Labor effort for set-up, in-
terfacing, programming,
problem solving

development and in-
tegration, commis-
sioning and ramp-
up

activity-driven2,
event-driven

1 For the system integrator view, the costs occur when purchasing the robot system, for the end-
user when paying invoices of the system integrator.
2 Items might appear as event-driven or activity-driven to the end-user depending on whether the
efforts are included in a fixed price contract or not.

from activities for designing and building the robot system (Dietz et al., 2013b).
These activities are related to the components of the robot system. For example,
an industrial robot requires mechanical and electrical installation, programming,
as well as further activities before it can be used for production. Hence, for
machine-centric activities, the bill of material of the robot system constitutes
the product model. The activities required for integration of these components
are described by process models. In this phase, the used resources are mostly
personnel resources required for carrying out the integration tasks.

The knowledge on required integration and set-up activities for components is
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stored in a knowledge base and can be retrieved through queries (see Section 4.3
for details). The activities are either related to the component itself (for example
the robot of a specific type and manufacturer), its class (for instance an industrial
robot) or its role in the robot system (for example a handling robot). The different
activities might have pre-condition activities that need to be executed beforehand.
For example, mechanical robot installation is required before online optimization
of the robot program.

Furthermore, activities are assigned a priority that defines how crucial they are
for achieving operating ability of the entire system. For example, the installa-
tion of the robot has a higher priority than documentation of its configuration1.
Through the evaluation of preconditions and priority, a schedule of integration
activities can be synthesized from the bill of material of the robot system (see
also Section 4.2.6 for details on this scheduling problem). In this context, the bill
of material is central to the product model for machine-centric life-cycle phases.
The bill of material can be obtained by export from the engineering tool used for
plant engineering. The underlying models for the integration activities are process
models in the terminology of the cost model. Examples for process models are
provided in Chapter 5.

Some costs in Table 4.1 might appear as event-driven or activity-driven to the
end-user while they are activity-driven for the system integrator. Again, this
makes apparent the different view on cost of end-user and system integrator.
Development and integration activities like engineering and integration cause pure
activity-driven cost for the system integrator. For the end-user, these costs might
appear as both, activity-driven or event-driven costs. In case the activities are
included in a fixed price offer, they appear as event-driven costs to the end-
user. The occurrence of the events triggering these costs depends on the payment
modalities in the contract between system integrator and end-user. In case these
are additional services that are offered by the system integrator in the form of a
service agreement, these costs occur as activity-driven costs to the end-user.

1Documentation here excludes the risk assessment of the robot system which should be carried
out prior to installation.
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Modeling of production activities

During nominal production, the activities are mostly related to creating required
product features or to supporting this feature creation. Production-centric costs
are costs that are caused by activities directly related to the production of goods
utilizing the analyzed robot system as a means of production. In the production
phase, the process models represent actual production processes.

Activities causing production-centric costs are usually highly repetitive and car-
ried out many times a day. They are governed by the production schedule which
defines the actual plan of production tasks that are to be carried out by means
of the robot system. In this phase, the production schedule is therefore the key
element used for scheduling cost-causing activities in the cost-benefit model.

The high repetitiveness in the production phase makes it necessary to distinguish
between the product in terms of a product type or product design and actual
instances of the product. The product or product type refers to an information
model of a specific product that collects all information that is required to man-
ufacture the product. The product instance or also called physical product refers
to one particular physical product entity that is manufactured and conforms to a
specific product type. Each product type is associated with a set of activities that
need to be carried out in order to manufacture the demanded product features.
These activities have to be carried out for each physical instance of the product
to be manufactured.

In most manufacturing scenarios, several instances of the same product type are
manufactured directly consecutively in a lot in order to minimize preparation ef-
forts. Each lot requires specific preparation and post-processing efforts that are
also attached to the product model, but only invoked in the model if the previ-
ously manufactured physical product is of another product type as the current
one. Maintenance and repair activities interrupt the production use of the robot
system. This is implemented by assigning a high priority to these activities in
comparison to the regular production activities. Chapter 5 provides examples for
activity models.
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Including the views of different stakeholders

As already outlined, the cost-benefit model aims at integrating knowledge from
different stakeholders. Also, the output of the cost-benefit model should reflect
the views of these stakeholders. For this purpose, cash flows generated in the
model are classified in three different types (see Figure 4.4) that are explained in
the following.

Type 1: Cash flows that constitute payments by the system integrator to a third
party, such as the purchase of equipment for building the robot system, or
efforts of the system integrator, for example the effort caused by personnel
of the system integrator.

Type 2: Cash flows that are payments of the end-user to the system integrator,
for example the payment for the robot system or payments for service con-
tracts or additional services.

Type 3: Cash flows that are direct payments of the end-user to third parties or
efforts that are purely on the end-user side, for instance the purchase of raw
material for production, the effort caused by own material.

This distinction allows to generate specific views for the different stakeholders on
costs and benefits. For the view of the system integrator, only cash flows of type
1 and type 2 are relevant. For end-users only cash flows of type 2 and type 3
are included. End-users that perform system integration themselves will only see
type 1 and type 3 cash flows in case they want to assess the project as a whole.

Therefore, this classification of cash flows allows to display the life-cycle cost
of the machine from different perspectives while utilizing the same cost-benefit
model. Due to this classification, cash flows irrelevant to the customer view can be
removed from the model in order to hide internal business details before handling
cost data to customers. The view of component suppliers is reflected by being
able to take the view of their customers by using the cost model. Component
manufacturers are therefore able to run market analyses based on their products’
performance characteristics and hence being able to position their products on
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Figure 4.4 Classification of cash flows for system integrator and end-user view.

the markets correctly. The Evaluation in Chapter 7 provides examples for the
views of different stakeholders.

Quantification of benefits

The cost-benefit model allows to determine the cash flows in terms of cost oc-
curring over the entire life-cycle. As each activity carried out around the robot
system causes cost, the accumulated cost figure monotonically increases as time
advances. In contrast to this cost, the benefit is resulting from the value creation
through the manufacturing process. To determine the cost effectiveness of the ro-
bot system, the value creation through production has to be put into perspective
with the costs. There are two fundamental ways of doing this.

Firstly, it would be possible to attempt modeling the value creation of the per-
formed production activity in terms of sales revenues and profits of the manufac-
tured products. This figure could be directly associated with the cost per unit to
determine the net present value (NPV) of the robot system. However, typically
robot systems only execute a small portion of the overall manufacturing process.
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It is not always easily possible to quantify the benefit of producing or assisting
with the production of a certain feature of the product in currency units. While
the benefit from producing the final product can typically be quantified based
on accounting information, this is not always possible for all single operations
required for its creation without a certain level of arbitrariness in distributing the
overall product value to its features. Furthermore, such a model would require
extensive inclusion of product marketing aspects as the value of the product and
its features depends on achievable market prices. It would furthermore muddle
strategic aspects and aspects of price formation with the capital budgeting de-
cision. This would de-focus the model from its actual purpose and make it hard
to adapt to different companies as this information is highly specific. That makes
this first approach unsuitable for most robot systems.

Secondly, the benefit of the robot system can be evaluated in the perspective of
alternative solutions for manufacturing that act as a benchmark. This approach is
common in capital expenditure budgeting. It allows to compare different strategic
investment options with each other. The selection of the benchmark scenario is
the result of the strategic process of the end-user company. The benchmark
can be any means of production for the same production schedule as for the
system under scrutiny. For automation decisions in SME production, typically a
manual, often already existing production scenario is used as a benchmark. For
the benefit quantification, the cost-benefit model is built and computed for the
actual robot system and compared to the cost of the benchmark solution. The
cash flows resulting from the use of this benchmark system are then taken as zero
line and cash flows resulting from the system under scrutiny are compared to this
benchmark. This comparative procedure allows avoiding the necessity to quantify
the benefits resulting from the value creation of the product feature by comparing
two options of realizing the demanded production schedule. The downside of this
approach is that the performance in terms of costs and benefits of the robot system
in different product scenarios can only be evaluated in a scenario-based approach.
Nevertheless, this approach appears useful and is chosen as the aim here is to
support decisions between options on how to set-up production and not whether
or not to produce and market a certain product.
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Figure 4.5 Differential cost-benefit assessment through comparison of an analyzed ro-
bot system with a benchmark.

Figure 4.5 schematically shows an example for the differential assessment of the
benefit. In this figure, a robot system is compared to manual production as
benchmark. In this example investment cost of the manual solution are lower,
which is noticeable by the lower rise of the cost curve in early project phases.
However, running cost per unit is higher due to the higher manual work effort.
When subtracting the cost of the automated solution, an amortization curve is
obtained that also indicates the break-even point for the investment.

The treatment of the benchmark case depends on the project scenario. In case
the new robot system is to replace an existing machine, a comparison to the
existing machine as a benchmark is advisable. When comparing to the benchmark
scenario, the investment cost of the benchmark might be included. In this case,
the benchmark is treated as an alternative investment option. Alternatively, the
investment cost of the benchmark might be neglected. In this case, the means
of production of the benchmark scenario already exist, have been completely
depreciated and cannot be used otherwise.
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Time-driven costs

As already outlined time-driven costs are treated separately from activity-driven
costs. Time-driven costs are purely machine-centric as they refer to long-term
cost resulting from owning and operating the robot system. In the following, the
most common time-driven cost items are explained. Cost of capital refers to the
interest rate paid for the capital invested in the robot system. The depreciation of
the investment in the robot system is relevant in case the end-user desires a cost-
benefit computation according to accounting rules. The cost of space occupied
by the robot system might play an important role as space is scarce in many
production environments. The cost of leasing of the robot system is particularly
relevant if a sell and lease-back approach is applied. Further time-driven cost
might result from equipment required for the operation of the robot system and
the cost for infrastructure required by the robot system, for example recurring cost
for supply infrastructure for specialized media. Table 4.2 provides an overview
of time-driven costs for robot systems and further explanation. Time-driven cost
are modeled directly on the cost-pool level and lead to continuous cash flows (see
Section 4.2.5).

4.2.3 Modeling of activities

Activity models are the fundamental building blocks of the cost model as already
shown in the schematic in Figure 4.3. Activities occur on process, resource, and
cost-pool level and are defined on these levels as follows. A process activity is the
act of creating a desired product feature or generating desired product proper-
ties by employing a manufacturing technology. On the resource-level, the activity
definition is focused on the utilization of the means of production caused by the
process. A resource activity is an act of using a production resource (i.e. machine
or personnel). The definition of resource activities corresponds to typical activity
definitions that are common in costing as it relates to cost-causing manufacturing
resources carrying out work. The cost-pool captures the cost caused by consump-
tion of commodities and the involvement of indirect departments. A cost-pool
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Table 4.2 Time-driven cost for robot systems.

Category Examples Life-cycle phase

Running infrastructure costs: all
cost that result from providing
the required infrastructure for
machine operation

Fixed cost of building, ad-
ministration, availability of
technicians

Operation

Cost of capital: cost resulting
from capital being bound in the
automation equipment

Interest on lend money, op-
portunity costs

Operation (end-user), integ-
ration, commissioning and
ramp-up (depending on pay-
ment conditions)

Cost of space occupied by the ro-
bot system

Cost for rent per m2, calcu-
latory cost for space, oppor-
tunity cost

Ramp-up, operation

Cost for supply of specialized flu-
ids and media

Cost for pressurized air in-
frastructure, power supply
infrastructure

Operation

Depreciation of equipment as an
alternative to cost of capital of
investment

Reduction of book value of
machine

Operation

Cost of leasing of the robot
system1 or equipment required
for the operation of the robot sys-
tem

Cost for robot system, cost
for measurement equipment

Integration, operation

1 In particular relevant if a sell and lease-back approach is applied for the robot system.

activity is the act of using commodities and employing indirect departments in
the company in order to carry out production.

It is critical for the cost-benefit model (again, see Figure 4.3), how the activities
are represented on the different levels by activity models. Activity models M
allow a transformation of inputs (cost drivers, C) into outputs (activity levels, A)
as shown in Figure 4.6. Typically, activity models are represented as algebraic
equations or by using look-up tables that work on interval numbers. The models
are parameterized depending on the specifics of the automation project and the
employed resources.

Cost drivers C are measures that cause effort on a particular level of the cost-
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Figure 4.6 Schematic of activity models and their inputs and outputs.

benefit model and hence are the inputs to the activity models on each PPRC-
level. The term cost driver in the context of this thesis is not only applied to
drivers that directly cause costs but also as driving quantities of activities that
cause efforts that are not immediately related to cost, i.e. on process and resource
level. These efforts finally lead to costs when traced back through further layers
of the PPRC-model. A more accurate term for cost drivers in this context in this
context would be activity driver or effort driver. However, as the term cost driver
is well established in literature this term is used.

An activity level A is defined as a measure for the amount of an activity that is
actually carried out to achieve a specified production purpose. Therefore, activity
levels are the outputs of activity models like product, process, resource or cost-
pool models. This output can either be a measure specific to the activity or related
to direct cost which is then processed directly in the cost-pool, for example for
purchase cost of raw material and components.
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An activity model is described by:

i
~Ak = iMk

(
i
~C, i

~Pk

)
, where (4.1)

i is a prescript indicating the level in the PPRC-hierarchy from product level
(i = 1) to cost-pool level (i = 4). The subscript k indices the activity models
on level i. The activity model iMk is a function iMk : Im → In, where m is the
number of input cost drivers and n is the number of activity levels. i

~C ∈ Im is
the vector of cost drivers and i

~Ak ∈ In is the vector of activity levels. i
~Pk ∈ Ir is

a set of parameters of the activity model iMk, while r is the number of required
parameters of the model. All input and output quantities of the activity model
are interval numbers allowing to take into account uncertainties.

As shown in Figure 4.6, cost drivers i+1C of a subsequent level are obtained by
summing-up all activity levels iA of same type t from the preceding level

i+1Ct =
∑
n

iAt. (4.2)

The following sections introduce specifics of the activity models on the different
levels on the PPRC-hierarchy.

Product models

The product models are structurally different from activity models on other
PPRC-levels as they do not possess inputs (cost drivers). They supply inform-
ation on the desired target state of the product, i.e. they describe what needs
to be manufactured. This means the product model contains activity levels that
can be directly translated to the cost drivers for the process level. These activity
levels are typically directly associated with desired product features. The product
model is therefore an information model and not a mathematical model. On the
product level, two types of product feature descriptions are distinguished.
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Product parameter: Parameters that describe a product feature and are re-
lated to the effort of producing this feature. Product parameters can directly
be translated into activity levels on the product side and hence to cost drivers
on the process level. The underlying assumption is that the features of the
product are produced sequentially as it is typically the case in robotic produc-
tion, hence avoiding problems with feature-based costing for simultaneously
manufactured features as outlined by Wierda, 1991.

Product properties: Product properties describe the product and its manufac-
turing needs by assigning an attribute to a specific property of the product.
Product properties are used to determine parameters of the underlying pro-
cess model. An example is the interface of a sensor integrated into the robot
system. In this example, the product property is the interface type. The
cost model determines the effort for integration with this interface depend-
ing on the interface type. In this example the integration effort corresponds
to a parameter on the process level, while the interface type is the product
property used to determine this parameter.

Product models and their features are process dependent. Table 4.3 provides
examples for product parameters and properties for typical processes to give a
basic understanding of the approach.

Additionally to the description of product features that act as drivers of pro-
duction activities, product models carry information about the required purchase
efforts for components or raw material. This cost is directly fed to the cost-
pool. It would be possible to model the purchase activities using the suggested
PPRC-approach. This would bring the cost model closer to total-cost of own-
ership (TCO) computations where for example the cost of vendor relations is
considered. However, the cost of the relation to the supplier is neglected as this
work is focused on cost directly induced by the robot system.
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Table 4.3 Product model parameters and properties for typical processes.

Process Description Parameters and properties

Arc
welding

MIG, MAG or TIG line-weld seams
used to join sheet metal of the
product

◦ seam cross-section, mm2

◦ seam length, m

Spot weld-
ing

Spot weld for sheet metal joining ◦ Sheet thickness, mm
◦ spot size, mm
◦ material

Painting Painting and similar processes that
involve the even application of a li-
quid to a surface

◦ surface to be covered, m2

◦ layer thickness, mm

Pick and
place

Transport of a part by a robot from
position ~lA to position ~lB

◦ pick position ~lA, m
◦ place position ~lB, m
◦ part weight, kg

Deburring Deburring of parts with linear burr,
e.g. due to interstice of casting mold

◦ edge length, m
◦ burr cross section, m2

◦ material
Machining Machining processes to mill work

pieces out of a solid block by remov-
ing material

◦ machining volume, mm3

◦ material

Glueing Application of adhesive beading to
parts

◦ adhesive volume per
length, mm3/m

◦ beading length, m
Drilling Drilling of holes into the work piece

using a spindle and drilling tool
◦ hole diameter, mm
◦ hole depth, mm
◦ material

Riveting Joining of pre-drilled parts using
pop rivets

◦ hole diameter, mm
◦ rivet length, mm
◦ rivet diameter, mm
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Process models

Process models assign a process-specific level of activity to a product feature.
Typical process models translate the production requirements of the product into
constraints that are imposed by the process such as feed rates or execution times.
In many cases, the process activity is described through the activation time of the
process tA which measures how long it takes to carry out the process.

Many cost items are scalar and a linear relation between process-level cost driver,
2C, and process activity level, 2A, can be assumed resulting the model descrip-
tion

2Ak = 2Pk 2Cv, (4.3)

where the parameter 2P k of the linear relation is called the characteristic activity
amount. The index v is the index of the cost driver in the cost driver vector 2

~C
that is relevant for the model.

More complex implementations of process models using other functions, solv-
ers or simulations are also possible in the developed costing framework (see also
Chapter 6). For example, the inclusion of a process simulation model of a PLM-
tool to determine process constraints is possible. In this case, the simulation is
typically used to determine parts of the process parameters 2

~P .

Process models can trigger dependent processes whose execution is either a pre-
or post-condition. For example, the welding of a seam requires to approach the
weld joint before welding and to retract from the weld joint after welding. The
installation of a sensor requires the design, manufacturing, and assembly of a
cantilever to carry the sensor. These conditions are stored in the knowledge base
and invoked during instantiation of the model. How this connection of knowledge
base and cost model is used in order to complete missing information in the
cost model is explained in Section 4.3. Chapter 5 provides examples for process
models.
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Resource models

Resource models provide information on the utilization of the means of produc-
tion in the manufacturing process. The input cost drivers relate the process
constraints, such as required execution times and maximum process speeds. The
resource model transforms this information into an activity level describing the
resource utilization, i.e. the time the resource is blocked by the process, and the
use of commodities caused by the resource utilization, for example the use of
electric energy.

Resource models are different from process models as they relate to actual physical
instances of resources available on the shop floor. While process models can be
instantiated in unlimited number as they only relate to work efforts required to
manufacture the product, the cardinality of resource models is fixed. Therefore,
the resource models are also decisive for the scheduling of tasks in the production
system.

All resource models must have the resource occupancy time tocc as an output
activity level in order to provide information on the resource allocation by the
manufacturing process. The occupancy time describes how long this resource
will be occupied by a running process and is not available for other processes.
This output is needed to schedule work tasks and compute the time frame of
the machine operation. Resources that have several instances are either modeled
separately or have a resource cardinality property allowing the model to accept
several tasks simultaneously. This reflects that, either the identical, interchange-
able resource is available several times or that the resource is capable of executing
more than one task at once.

Cost-pool models

Typically, the cost drivers on cost-pool level refer to the usage of primary resources
or personnel resources. Cost-pool models transform these into actual cost by
applying overheads and keys of payment from accounting. The output of the
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cost-pool model is always a cash flow, i.e. the occurring cost in currency units and
the time or time interval of occurrence. Cost-pool models capture for example
commodity prices and overheads.

Two types of cash flows, discrete and continuous cash flows, are distinguished. A
discrete cash flow is a cash flow that occurs at a discrete point in time in which the
valuable asset is consumed or changes the owner. A typical example of a discrete
cash flow is the cash flow resulting from the purchase of material or components.
The exchange of money and material can be modeled as taking place at a specific
point in time2. A continuous cash flow is a cash flow that occurs over a certain
duration, typically assuming a constant cash flow rate.

Resource-related cash flows are modeled as continuous cash flow and the duration
of the cash flow is assumed to be the occupation duration of the related resource.
This is not entirely accurate as often the actual cost does not occur during the
usage of the resource. Typically, continuous cash flows could be decomposed into
one or several discrete cash flows referring to the actual transfer of assets. For
example, personnel efforts are charged at the end of one month or even later in
case of collected overtime. However, this simplified approach decouples the model
from accounting details specific to the company which is not directly related to
the technical details of the robot system. Furthermore, it charges cost, when the
respective effort occurs focusing the view of the model towards a robot system
itself.

It would be possible to model complex cost creation behavior in accounting, such
as usage depending prices, e.g. for electricity, or payment targets for paying bills.
However, the models here are typically simple overhead models of the form

4C = (1 + 4o/100) 4Cv, (4.4)

where 4C is the resulting cost of the discrete cash flow, or the cost rate of a

2Of course the purchase of material or components might involve complex payment and ownership
modalities. However, these are neglected here for evaluating the cost-effectiveness of robot
systems.
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continuous cash flow, 4o is the overhead rate in percent and 4Cv is the relevant
cost driver of the cost-pool model.

4.2.4 Configuration of the cost model

One of the key problems for cost-benefit assessment of robot systems is the limited
availability of input data for the cost model. This lack of information relates to
the structure of the required model and its parameters. The artifacts generated
during system design, in particular the data generated by the used PLM tools,
contain information on the general set-up of the system and its components. To
facilitate the use of cost-benefit assessment by drawing from this information,
the model is tightly integrated with engineering data formats used during plant
design. By reading data from these engineering models and cross-relating them
to a knowledge base with costing information (see Section 4.3), the cost-benefit
assessment tool is capable of determining a large portion of the required input
data and its uncertainties with a minimal level of user input.

AutomationML as input format for cost model configuration

The aim of the cost-benefit model is to determine the cost and benefits resulting
from a specific design and usage scenario of the robot system. In order to realize
the required tight integration with the development process of the automation
solution, the vendor neutral data exchange standard AutomationML is used for
input. Data regarding to system components, products and processes is extracted
from the AutomationML file as described in the following.

System components: the single components of the robot system specified by
type and vendor and their role in the robot system.

Products: the products produced with the robot system and relevant cost drivers
(e.g. the length and dimensions of weld seams in a work piece).
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Processes: The executed manufacturing processes required for the product fea-
tures contained in the product information.

Appropriate roles for semantic grounding of the above mentioned information were
defined (see Appendix 2). These roles can be exported into a role library for use
in AutomationML. The role information allows the extraction of required inform-
ation from the knowledge base even if an exact match of the identified component
is not available or if required information for this match is missing. The resolu-
tion of uncertainties and extraction of missing information in the AutomationML
description of the robot system is described in Section 4.3.

Process for building the cost model

In the following, the set-up of the cost model for a specific robot system design
from AutomationML data is described. Figure 4.7 shows how the different sources
of information are combined during the instantiation of the cost-benefit model.
Figure 4.8 shows the schematic of the instantiation process of the cost-benefit
model.

The AutomationML description of the work cell from the plant engineering tool
chain is parsed and transformed into an RDF description for easy access to in-
formation. Section 4.3.1 provides details on this transformation. In a first step,
the machine-centric parts of the cost-benefit model is instantiated. For this pur-
pose, the components of the robot system are analyzed with respect to required
information and their role. Detailed information on the components is retrieved
by matching them to entries in the knowledge base (see Section 4.3.3 for details on
this matching process). A check of system completeness is performed by checking
that all required roles of the robot system are present in the bill of material. This
check is performed with respect to role templates of robot systems in general or
application-specific templates and is required to ensure that the description of the
robot system is complete. In case required roles are not reflected by the contained
components, the empty slots are filled with generic components from the know-
ledge base. For example, if no safety equipment is contained in the design, the
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Figure 4.7 Combination of different sources of information during instantiation of the
cost-benefit model.
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slot is filled with a generic safety fence. With this completed bill of material, the
instantiation of the cost model for the design phase is carried out.

Subsequently, the activities that are required for the integration, commissioning,
and ramp-up of the contained components are retrieved from the knowledge base
(see left part in Figure 4.8). Detailed information on these activities such as the
models suitable for the description, related parameters, and the link to required
resources are extracted from the knowledge base. This activity information also
points to the required resources and allows retrieving information on them. The
representation of the resource in the knowledge base points to the cost-pool items
attracted by the employed resources and through this, the cost-pool models and
parameters are found. Subsequently, the models are instantiated in reverse or-
der of information retrieval, i.e. working from the cost-pool level towards the
product level. The instantiation in reverse order is related to the implementation
of the model (see Chapter 6) through a delegate mechanism that allows models
on PPRC-level i to automatically invoke the models on level i+ 1.

After the machine-centric model has been built, the production-centric model is
generated (see right part in Figure 4.8). The general process for this is comparable
to the machine-centric model. However, here the actual products manufactured
by the robot system form the entry point of the instantiation process. After the
instantiation of the product model, a production schedule is generated. The para-
meter information on the resource level for the production-centric model is drawn
from the machine-centric product model as explained in the following section.

Parameterization of production-centric resource models

The production-centric resource models and machine-centric product models pos-
sess a strong bond, as the performance of the machine during production is de-
termined by its composition and components. The models of the components of
automation systems, i.e. the product models during the design phase, reference
the performance parameters of these components in the knowledge base. This
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information is used to parameterize the resource model in the usage phase, be-
cause these models relate to the same components. In this way, the cost model of
the robot systems’ usage is built and parameterized based on the robot systems’
design information.

Hence, the model descriptions and parameters of the production-centric resource
model are derived from the machine-centric product models, by performing a
match between the required production resources and available components in
the robot system. This match is carried out based on roles, as the production
activities only relate to required resource roles and not to concrete components.
All components are assigned possible roles. Possible roles refer to roles that these
components may take in a production task. An example is an industrial robot
which can be used as a handling device or a positioning device. Also, the required
roles of manufacturing processes are defined. To carry out the manufacturing
process, at least one component of the robot system is required to take this role.
This allows a matching of roles required by the process and the roles of components
in the robot system. This match is performed between the resource level in the
nominal production (i.e. the restrictions on processing performance implied by
the production machinery, for example the handling speed) and the product level
in the system integration phase (i.e. the physical properties of the robot system
itself, e.g. maximum robot speed). In case the matching is ambiguous or no
component is found taking a role required by the process, the plant designer is
asked to resolve the conflict by resolving ambiguity or specifying which component
will take a required role. Through this, the resource models for the production
life-cycle phase can be instantiated from the product model used during system
design and development (i.e. the model of the robot system).

4.2.5 Handling of uncertainty in the cost-benefit model

The handling of uncertainties has particular relevance for robot systems as they
are typically built as special machinery and exact performance characteristics or
cost data are not known exactly during the design phase. This lack of information
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leads to deficiencies in decision making on the selected system concept and the se-
lected components. Firstly, the decision for or against an investment taken by the
end-user only considers a nominal scenario or few alternative scenarios. Today,
the key parameters on which the cost-effectiveness of the automation system de-
pends are usually not systematically identified and taken into account during the
investment decision. For example, an automation system with a higher price
might offer a better compromise as its cost-effectiveness might be less sensitive
with respect to uncertain parameters of the cost model. In turn, this would result
in a cost-benefit performance that is more resilient to changes in the market and
deviations from the planned production scenario. Furthermore, design decisions,
for example including or omitting particular features, have to be made in the
face of the described opacity and lack of information regarding costs and benefits.
A cost-benefit model should help to quickly assess what costs a design decision
causes not only in the form of purchase prices of the components, but also in
terms of efforts in system development, installation, and maintenance effort and
the related level of uncertainty of these predictions.

Types of uncertainties in cost modeling

Uncertainty in cost modeling has several forms, stems from various sources and
impacts the cost-benefit assessment on various levels. Therefore, to address un-
certainties in the cost-benefit model, different types of uncertainty have to be
distinguished. Uncertainties are classified with respect to different dimensions, in
particular the following three.

Object: The uncertainty is related to the system as a whole or to single system
components.

Type: The uncertainty is epistemic, i.e. due to lack of knowledge, or aleatory, i.e.
due to underlying randomness.

Scope: The uncertainty concerns data, identity, or the model.
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In the following, a classification of uncertainty for cost-benefit assessment of ro-
bot systems is proposed. This classification is based on existing classifications
as outlined in Section 2.2 and adapted to the cost assessment process of robot
systems.

Composition uncertainties During the design process, an initial design of
the robot system is continually refined. In particular, this process involves the
definition and specification of the single components. Therefore, in early design
phases, the exact composition is not yet defined. A composition uncertainty is
the uncertainty regarding the single components, i.e. hardware and software, of
which the robot system is composed. Composition uncertainties are related to
the system as a whole, epistemic in nature, as the information has not yet been
created and related to identity.

Association uncertainties Composition uncertainties relate to not knowing
the single components of which the robot system is set-up. As soon as the com-
position uncertainties are eliminated, the single components as building blocks of
the robot system are known. However, this does not mean that the exact identity
of these components is known. Uncertainties regarding the identity of the devices
are called association uncertainties. They become apparent when additional data
regarding the components has to be retrieved. Association uncertainties can be
epistemic and aleatory in nature. Aleatory association uncertainties occur when
a system component has been defined in general terms, but the exact type of the
component in terms of brand and model has not yet been defined. Epistemic
association uncertainties occur when the exact model of a component has been
defined, but no matching data source to retrieve further information can be iden-
tified unambiguously, for example because of misspelling of product codes and
names. Association uncertainties are related to single components, related to
identity and aleatory or epistemic in nature.
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Parameter value uncertainties The cost-benefit model requires parameters
in order to be computed. Parameter value uncertainties occur when no value for a
required parameter is known. They are epistemic in nature as they refer to a lack
of knowledge. Parameter value uncertainties are attached to single components
and are related to data.

Parameter variability uncertainties It might be impossible to exactly de-
termine the value of required parameters of the model due to an inherent un-
certainty. Parameter variability uncertainties reflect the inherent uncertainty of
parameter values of the model. They are aleatory in nature and refer to data.
However, they might also have epistemic components stemming from faulty para-
meter estimates. Parameter variability uncertainties occur for example for com-
ponent prices which might differ depending on numerous factors, e.g. depending on
market situation, customer, purchase volume, and negotiation ability of the cus-
tomer and salesperson. Parameter value and variability uncertainties are closely
related as the estimation of an unknown parameter (parameter value uncertainty)
typically leads to different estimates resulting in uncertainty regarding the exact
parameter value (parameter variability uncertainties).

Time uncertainties Time plays a special role in the cost-benefit model as it
governs the sequence of events and activities and is irreversible. Time uncer-
tainties reflect the uncertainty with respect to the exact time of an event. Time
uncertainties are closely related to parameter variability uncertainties as the time
is also a parameter of the used cost models. Time governs the causal relationship
of events in the event-driven part of the model and hence also time uncertainties
influence the causality of activities in the model and therefore its consistency.
Take for example the causal relation between two events. This means that one
event, for example the start of production of product B, takes place in time after
another event, for instance the finalization of product A. This causality in com-
bination with time uncertainties of the start and end points of events would lead
to an exponentially increasing number of alternative scenarios of the cost model
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as shown in Figure 4.9. The figure shows how the chain of causality of activit-
ies with time uncertainty leads to an increasing number of alternating scenarios
if more causally connected activities are added. Hence, for keeping also large
models responsive when interacting with the user, a separate treatment of time
uncertainties is required.
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Figure 4.9 Alternative scenarios of an event-triggered system of four processes with
causality conditions (curved arrows).

Model uncertainties Models are an idealized, simplified description of reality.
Due to this fact, models neglect some aspects of real systems. Model uncertainty
relates to the uncertainty introduced by the deviation of the model from the
real world properties of the modeled process. Model uncertainties occur in every
modeling process. The effect of model uncertainty on the model results is not
further analyzed in the scope of this thesis. The activity models reflect uncertainty
in terms of parameter variability uncertainties, but do not explicitly address the
aspect of model uncertainty.
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Uncertainty in the cost model

All above mentioned types of uncertainties have to be addressed in the cost-
benefit assessment. However, many of the uncertainties such as uncertainties
relating to identity or parameter value uncertainties are only relevant during the
instantiation phase of the model where the required information to parameterize
the model needs to be found. Once this uncertainty is resolved, an uncertain
estimate of the related property is available. Hence, the elimination of identity
and parameter uncertainties is subject to the instantiation process of the cost-
benefit model. In the cost-benefit model itself, all uncertainties are reflected
as parameter variability uncertainties. In order to resolve all uncertainties to
parameter variability uncertainties during the instantiation of the cost model, a
knowledge base storing typical parameters is used. The resolution process for the
different types of uncertainties is described in detail in Section 4.3.3.

The result of the resolution process is an interval number for every uncertain model
parameter. This interval number is interpreted as an upper and lower bound for
the quantity under scrutiny. This upper and lower bound is typically obtained
through the interval spanned by all possible estimates of the underlying parameter.
For example, all found prices [C1, ..., Cn] where Ci ∈ Rn for a component span an
interval CI = [inf(Ci), sup(Ci)] ∈ I. This resolution process allows to reflect all
uncertainties as interval numbers and to use the computational rules of interval
arithmetics (see Section 2.2.3) for uncertainty propagation in the model. The
result of the model are uncertain cash flows computed on the cost-pool level.
These cash flows are then discounted to obtain the NPV of all cash flows to a
common time basis as outlined in the following section.

Discounting of uncertain cash flows

Cash flows reflect the time value of money as they contain a temporal component
specifying when the exchange of value takes place. In order to compare cash flows
they need to be discounted to the same time basis, i.e. the time value of the cash
flows at the same point in time t needs to be determined. All cash flows considered
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in this thesis are interval numbers and therefore called uncertain cash flows. The
specifics of discounting uncertain cash flows are introduced in the following. The
cash flows are discounted based on yearly interest rate q as decimal number. For
discrete cash flows that occur at a single point in time, the discounting is straight
forward and follows the standard present value equation

C(t2) = C(t1)(1 + q)
t2−t1
cdpy , (4.5)

where C(ti) is the value of a cash flow at a specific time ti in days, q is the
yearly interest rate as interval number where supremum and infimum are given as
decimal number, and cdpy is the number of days per year, as interest occurs yearly.
The interval operations used in equation (4.5) are implemented as outlined in the
state of the art (see Section 2.2.3).

The discounting of uncertain continuous cash flows requires a differentiated treat-
ment. Consider a continuous cash flow with rate c(t) occurring between time t1
and t1 + ∆t1. The differential cash flow can be expressed as:

dC(t) = c(t)dt (4.6)

where dt is the time differential. Using equation (4.5) to discount to time t2
yields

dC(t2) = dC(t)(1 + q)
t2−t
cdpy = c(t)dt(1 + q)

t2−t
cdpy . (4.7)

This cash flow is integrated over t from t1 to t1 + ∆t1 to obtain the value of the
cash flow at time t2

C(t2) =
∫ t1+∆t1

t1
c(t)(1 + q)

t2−t
cdpy dt. (4.8)

In most cases, a time-constant cash flow rate c(t) = c = const. can be assumed in
which case the integral can be solved to

C(t2) = c cdpy
(1 + q)

t2−t1
cdpy

ln(1 + q)

(
1− (1 + q)

−∆t1
cdpy

)
. (4.9)

121



4 Conception of the cost-benefit model

As outlined in the state of the art, great care needs to be taken in case of multiple
occurrences of variables. In case of equation (4.9), not considering the multiple
occurrences of the interest rate q leads to a discounted cash flow with large overes-
timation. In the following, it is shown that the discounted continuous cash flow is
monotonic with respect to q under certain assumptions that are applicable here.
This allows to compute equation (4.9) separately for infimum and supremum of q
while all possible results are still guaranteed to lie within the resulting interval.

It is assumed that the interest rate q and the time interval ∆t1 are always positive
and that q < 1. In the cost-benefit model, all cash flows are discounted to the
start of the project. Therefore it can be assumed without loss of generality, that
the discounting time t2 lies outside of the cash flow, i.e. t2 > t1 + ∆t1 or t2 < t1.
In order to prove that cash flow C(t2) in equation (4.9) is monotonic with respect
to q, it has to be shown that its first derivative with respect to q does not change
sign. This first derivative is computed as

Ċ(t) =c cdpy
1

ln(1 + q)︸ ︷︷ ︸
A:=

(1 + q)
t2−t1
cdpy

−1

︸ ︷︷ ︸
B:=

. . .

t2 − t1cdpy
− 1− (1 + q)−

∆t1
cdpy

ln(1 + q) − t2 − t1 −∆tt
cdpy

(1 + q)−
∆t1
cdpy


︸ ︷︷ ︸

C:=

.
(4.10)

It can be seen from equation (4.10) that A ≥ 0 ∀ q ≥ 0, A > 0 ∀ q > 0 and
B > 0 ∀ q ≥ 0. Hence the product AB is zero only for q = 0 and has no other
root. For the term C, a more detailed analysis is required in order to determine
whether the first derivative in equation (4.10) can become zero. For the sub-terms
in C, it holds true that

0 < (1 + q)−
∆t1
cdpy ≤ 1 as ∆t1 > 0

0 ≤ ln(1 + q) as 0 ≤ q ≤ 1.
(4.11)
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The term C can be restructured to

C = t2 − t1
cdpy

(1− (1 + q)−
∆t1
cdpy )

︸ ︷︷ ︸
C1:=

− 1− (1 + q)−
∆t1
cdpy

ln(1 + q)︸ ︷︷ ︸
C2:=

+ ∆tt
cdpy

(1 + q)−
∆t1
cdpy

︸ ︷︷ ︸
C3:=

. (4.12)

Using equation (4.11), it can directly be seen that the term C1 is always negative
if cash flows are discounted to the past, i.e. t2 < t1 (see also below). Hence, to
prove that the term C is always negative it has to be shown that also the terms
−C2 + C3 is always negative. This term can be reformulated to

C3 − C2 =

D:=︷ ︸︸ ︷
(1 + q)−

∆t1
cdpy (∆t1 ln(1 + q) + cdpy)−cdpy

cdpy ln(1 + q) . (4.13)

The denominator of the fraction in equation (4.13) is always positive. This can
be easily observed using equation (4.11). For the nominator it can be shown that
the derivative of the first summand D is

d

dq
D = −∆t12

k
(1 + q)−

∆t1
cdpy
−1
< 0. (4.14)

Therefore, the term D in the nominator of equation (4.13) is strictly monotonic
falling. As D(q = 0) = cdpy the term C3−C2 is always negative for q > 0. Hence,
term C in equation (4.10) has no zero crossing. Therefore, the function for the
computation of the NPV in equation (4.9) is monotonic.

Due to this monotonicity, the discounted cash flow can be obtained, by computing
the equation for the infimum and supremum of the interest rate separately, i.e.

Cinf(t2) = c cdpy

ln(1 + inf(q))

 1

(1 + inf(q))
t1−t2
cdpy

− 1

(1 + inf(q))
t1+∆t1−t2

cdpy

 (4.15)

Csup(t2) = c cdpy

ln(1 + sup(q))

 1

(1 + sup(q))
t1−t2
cdpy

− 1

(1 + sup(q))
t1+∆t1−t2

cdpy

 . (4.16)
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Then the two results are combined to the uncertain cash flow

C(t2) = [min (Cinf(t2), Csup(t2)) ,max (Cinf(t2), Csup(t2))] . (4.17)

This leads to an improved estimate for the discounted cash flow compared to
direct interval computation of equation (4.9) and avoids overestimation.

Note that for all cash flows, the process of discounting combines the uncertainty
of the cash flow at its time of occurrence with the uncertainty induced by the
(uncertain) interest rate. Hence, discounting a cash flow C(t1) to time t2 and
subsequently back in time to t1 leads to an overestimation of the uncertainty, as
the uncertainty of the interest rate is taken into account twice: when discounting
forward and when discounting backwards in time. This can be understood by
observing Figure 4.10. The figure shows the NPV of a cash flow over time. As
can be seen the uncertainty in the interest rate increases the level of uncertainty
and hence the width of the uncertainty interval while discounting to the past and
to the future. This leads to an overestimation of uncertainty if an uncertain cash
flow is discounted forth and back in time. Therefore, the cost model should make
sure that the discounting of cash flows only occurs into the future or into the
past. For comparing cash flows in the cost-benefit model, cash flows are always
discounted into the past. For example, if two cash flows C1(t1) and C2(t2) are
compared, the operation will be carried out at t = min(t1, t2).

Using the equations above, it is possible to discount uncertain cash flows in the
cost model while avoiding overestimation of uncertainties. This allows to intro-
duce dynamic aspects to the cost model while treating uncertainties. The equa-
tions above are therefore of major importance for building a uncertainty-aware,
dynamic cost-benefit model.

4.2.6 Scheduling and computation of the cost model

In order to produce cost estimates, the cost-benefit model needs to be computed
for the entire life-cycle of the robot system. This means that a schedule of the
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1 2 3

Uncertainty due to 

uncertain discount rate

Discounted uncertain cash-flow

Discounted cash-flow without interest rate uncertainty

Discounted cash-flow without uncertainty

0

Figure 4.10 Example of the NPV of a discrete cash flow of 1000 currency units occur-
ring at the beginning of the second year.

required activities needs to be found that fulfills causal constraints between the
activities and constraints imposed by the availability of resources. Based on this
schedule, the activity models must be computed in the order product, process,
resource, and cost-pool to calculate the cash flows occurring in a certain time
interval.

It would be desirable to find an activity schedule that leads to a cost-optimal
execution of all tasks. A cost-optimal production schedule would establish an
upper bound on the cost-effectiveness of a certain solution. This challenge is
closely related to production scheduling in the production life-cycle phase and
optimal project planning in the design, integration, commissioning, and ramp-up
phase. Neither in the former nor in the latter domain, the problem is satisfactory
solved in closed-form for planning problems of significant complexity involving
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real world constraints. The extension to interval numbers applied here makes it
even harder to solve the challenge of finding a globally optimal solution.

An alternative approach to scheduling is modeling the decision-making process
typically taking place in project management and production planning. Here, like
in real manufacturing, a decision heuristic is established that steers the activity
scheduling based on the availability of resources once the state of the automation
system changes, for example when a resource becomes available.

It is desirable to keep the computational overhead low and allow for quick re-
sponsiveness of the cost-benefit assessment system. Therefore, the manufacturing
simulation approach involving a decision heuristic is chosen for the cost model. In
order to perform the scheduling, activities are assigned a specific priority depend-
ing on their criticality for the project. This criticality describes the importance
of the activity for completing the project. Activities that are likely to be on the
critical path of the project are assigned a higher priority. For example, the install-
ation of robot hardware has a higher criticality than the interfacing of a sensor as
the former would obstruct further work on the hardware of the robot system. In
the following, the used approaches for scheduling in the different life-cycle phases
are explained in detail.

Scheduling during development, integration, commissioning, and
ramp-up

During development, integration, commissioning, and ramp-up, the activities are
mostly focused on bringing the robot system into operation. These activities are
scheduled by trying to execute activities whose preconditions are fulfilled in the
order of their priority while observing constraints imposed by the interdependen-
cies of activities.

Let A denote the set of all activities for development and integration containing all
integration activities ai, i.e. ai ∈ A. At every point in time t in the life-cycle of the
robot system, A can be decomposed into the set of executed integration activities
Aex and not yet executed activities Anex. Aex is the subset of activities in A that
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have been completed, while all other activities, i.e. not started or still running
activities are contained in Anex. All activities ai are linked to a set of precondition
activities Aai

prec. Aai
prec being the set of activities that need to be executed before

activity ai can be started, i.e. Aai
prec ⊂ Aex is the precondition for starting activity ai.

Furthermore, all activities are assigned a priority pai ranging from 1 (low priority)
to 3 (high priority).

To determine the execution order of the activities in A, the set candidate activities
Acand is extracted. Acand is the set of all activities that can be started as their
precondition constraints are fulfilled, i.e. Acand =

{
ai ∈ Anex|Aai

prec ⊂ Aex
}
. The

candidate activities are sorted into an ordered set AS with decreasing priority

AS =



aS1

aS2

...

aSi

...

aSn


=
{
aSi ∈ Acand | p(aSi) ≥ p(aSi+j), j > 0

}
(4.18)

The ordered set of executable activities AS is handed over to the scheduler that
tries to execute the activities starting from the first element aS1, i.e. the element
with the highest priority. For each activity in AS, it is determined whether all
required resources are available. If this is the case, the activity is executed thus
blocking the required resources. After this, the scheduler moves on to the next
item aSi+1 until all elements in the list have been attempted to execute. This
procedure ensures that the resources are used as far as possible in parallel and
important activities are handled with high priority.

Scheduling during nominal production

During the nominal production, a robot system follows a defined production sched-
ule only interrupted by maintenance and repair. Let pi be a product manufac-
tured by the robot system and Pprod the set of all manufactured products. As
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common, the production task is specified by defining the lot size spi

L for each
product pi ∈ Pprod. Furthermore, the relative production volume rpi of product pi

is specified by the user, i.e. how many lots of this product are produced relative
to the number of lots of other products. From this information, the scheduler
derives a production schedule as follows.

Let rLCM be the common denominator of the relative production volumes rpi.
Then the scheduler generates one production cycle by iterating the lot index
iL ∈ [1, ..., rLCM]. The lot production activity aLpi of a specific product pi is
inserted into the production schedule if

(
iL mod rLCM

rpi

)
= 0. The lots are always

inserted with the predecessor lot as a precondition, i.e. aLi−1 ∈ AaLi
prec. The lot

production activity then triggers the single contained production activities and
delegate their execution to the contained activities, i.e. the production of single
product instances. This means a lot production activity aLpi of product pi is an
ordered set that looks like follows:

aLpi =



api1, where A
api1prec = [ ]

api2, where A
api2prec = [api1]

...

apin, where A
api nprec = [apin−1]


. (4.19)

The details of this delegation mechanism are explained in Chapter 6.

4.3 Knowledge management of cost data

In order to set-up the cost model for a specific robot system, knowledge is re-
quired for determining the required activities and subsequently selecting, instan-
tiating, connecting, and parameterizing the appropriate activity models for these
activities. The required knowledge consists of different types of information from
different domains and is typically supplied by different stakeholders in different
formats. Examples are given in the following (see also Figure 4.11).
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Knowledge on the specific set-up of the robot system that is only applic-
able to the specific robot cell, i.e. which components are included and how
they are connected. The AutomationML file from plant engineering specifies
this information.

General information on the used components that are applicable to all in-
stallations, for example component prices and performance characteristics for
specific components of which robot systems are built. This information can
be extracted from purchase offers and data sheets of these components.

Information on the engineering and integration process of the robot sys-
tem that relates to know-how, efforts, and costs that are specific for the
integrator of the robot system. Sometimes, this information can be retrieved
from project post calculations or the ERP-system of the system integrator.
Sometimes, this information is only implicitly available.

Cost information relevant for the use of the robot system which is spe-
cific for the end-user, for example manufacturing volumes and production
specific cost items, such as hourly cost of the manufacturing personnel.

Figure 4.11 gives examples of different knowledge categories and specifies whether
they are specific for individual robot systems, i.e. only applicable to the robot
system for which they have been collected, or transferable to other installations.
Furthermore, it is indicated which involved stakeholder can supply the required
knowledge or if the knowledge is general for the entire domain of industrial ro-
botics.

This section introduces the handling of knowledge in the cost-benefit model. A
knowledge base forms the foundation for the knowledge handling. The different
components of this knowledge base are introduced in detail below. First, the sec-
tion explores the handling and processing of data that is specific for the analyzed
robot system. It then introduces an ontology that provides semantic grounding to
the cost benefit model and allows completing missing information through reason-
ing. Finally, it explains the handling of uncertainties, i.e. how a lack of knowledge
is addressed.
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Figure 4.11 Different domains of information required for the cost model.

4.3.1 Machine-specific knowledge

Input information for the cost-benefit model that is specific for the analyzed robot
system is stored in the AutomationML file format. This allows easy integration
with design tools for the engineering of the robot system, such as PLM software
for cell design and simulation. The AutomationML file contains the available in-
formation of the set-up of the robot cell, that has been specified by the system
integrator during the design process up to the point of the cost-benefit analysis.
The instance hierarchy of the AutomationML file defines components that are
contained in the robot system. The roles of these components in the Automa-
tionML file provide semantic meaning. They allow to relate components in the
AutomationML cell description to components in the RoboCost ontology. The
roles are part of the RoboCost ontology introduced in the following section and
can be exported to AutomationML to be used in plant engineering. Furthermore,
the AutomationML file contains information on the manufactured products in
terms of required features to be manufactured by the robot system. This inform-
ation is supplied by the end-user but typically transferred to the system integrator
during the design phase.

130



4.3 Knowledge management of cost data

To ease interpretation and integration with other data sources, the AutomationML
file is parsed and transformed into RDF format before being processed by the cost-
benefit assessment tool. The RDF description allows easier retrieval of data and
matching of the system set-up to component properties stored in the knowledge
base. This comprises in particular the retrieval of missing data as described in
Section 4.3.3. Therefore, even though AutomationML is used as exchange format
for integration with engineering tools, the knowledge processing itself is done in
RDF. In this sense, RDF is a solution to perform advanced information processing
based on AutomationML.

In order to transform the AutomationML description into RDF, the approach
proposed by Runde et al., 2009 is employed. The AutomationML file is mapped
to an AutomationML base ontology which acts as semantic grounding for the
RDF version of the AutomationML file. The transformation is carried out in
several steps. First, the internal interface class library of the AutomationML file is
parsed as this library does not reference other elements in the AutomationML file.
Second, the role class library is parsed. Here, references to interfaces are resolved
during the parsing process. The third step is the parsing of the system unit class
library. Also here, references to the interface class library are carried over to RDF
in the parsing process. Internal links are parsed and stored, but not yet resolved
as it cannot be guaranteed that the referenced element has already been parsed.
Subsequently, the instance hierarchy, which contains the description of the actual
robot system, is processed. All parsing algorithms work recursively and move
on to the contained elements of each element before returning. Concluding the
parsing process, internal links of the AutomationML file are resolved. The parsing
is implemented hard-coded and not in a declarative way. Hence, a change in the
AutomationML description would also require an adaptation of the source code
used for transforming the AutomationML description into RDF.

The RDF description of the robot system is used to instantiate the cost-benefit
model. The AutomationML and RDF descriptions as well as the resulting cost-
benefit model are specific to the analyzed robot system. In the process of creating
the cost-benefit model, information from the knowledge base that is not specific
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to one particular robot system is integrated. This information is stored in a cost
ontology.

4.3.2 Cost ontology for machine independent knowledge

The core problem of cost-benefit analysis of robot systems lies in the distribution
of knowledge on system cost among the different stakeholders. Manual integration
of all this knowledge into the machine-specific design documentation is tedious and
usually not carried out. In order to automate this process, a formalized, machine
readable description of machine independent knowledge is required. This know-
ledge should then be available to all system designers to perform cost analyses.
For this purpose, a knowledge base capturing machine independent knowledge
(see Figure 4.11 for machine-independent knowledge aspects) is set-up.

The knowledge base contains information which is applicable to different domains
of industrial robotics as is reflected in the components of the knowledge base
outlined in the following.

Semantic grounding of cost-relevant terms: The knowledge base contains
the so called RoboCost ontology, that provides semantic grounding for the
cost model and its components. The RoboCost ontology also includes the
role library used in the AutomationML file.

Component database: The knowledge base contains information on robotic
components, their properties, and activities required during the system set-up
and operation, e.g. price, roles, delivery time, technical specification.

Models for integration activities: Activity models that describe cost-relevant
aspects of integration activities together with meta-information on how to use
these models are contained in the knowledge base.

Data model of AutomationML: The knowledge base further contains a de-
scription of the data model of AutomationML allowing the transformation of
the AutomationML to RDF as described above.
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The RoboCost ontology provides the semantic grounding of the entire cost-benefit
model and allows reasoning during the set-up phase of the cost model. Further,
the semantic grounding allows combining knowledge from different sources. It
is the core component for creating the cost model for a specific robot system
from the associated AutomationML description and resolving uncertainties and
reasoning on missing knowledge in this process.

The RoboCost ontology is a domain ontology that defines concepts and their in-
terrelation for industrial robot systems. It contains the high-level classes outlined
in the following. Figure 4.12 shows how these top-level classes of the RoboCost
ontology are interrelated.

Automation company: Companies that sell or purchase components, robot
systems or services in the automation market.

Automation resource: Personnel or hardware devices that are used as resources
in order to build or operate robot systems.

Automation role: Definition of roles that can be taken by automation resources.
While the resource itself describes what type of personnel or hardware is used,
the role describes how it is used in a particular robot system. An exported
version of the role library is also used in the AutomationML description of
the system as described above.

Automation task: Activities related to building, maintaining, or operating ro-
bot systems.

Models: Activity models that describe cost-relevant aspects of automation tasks.

Model IO: Input and output quantities of models and their relation to each
other.

Model parameters and properties: Values for parameters and properties of
models and automation resources3.

3Please note that this definition does not correspond to the definition of parameters and prop-
erties in RDF.
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Figure 4.12 Relation of top-level classes of the RoboCost ontology.

All entities in the RoboCost ontology are referenced through URIs in order to
unambiguously refer to concepts in the ontology. Furthermore, an ontology ele-
ment can contain different human readable names for the handling of association
uncertainties as explained in detail in Section 4.3.3. This allows mapping different
real world descriptions that might refer to the same component to an unambigu-
ous URI by performing fuzzy reasoning from the real world name to the different
name properties associated with the knowledge base. Through this mechanism
it is possible to match real world objects to a unique URI without the need for
strict naming conventions.

The top-level classes of the RoboCost ontology and the entities that belong to
these classes are described in detail in the following.

Automation company

For automation companies, the following sub-classes depending on the role in the
market exist.
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Component manufacturer: manufacturer or distributor of automation com-
ponents such as sensors, drives, etc.

Robot manufacturer: manufacturer of industrial robots. Due to the central
importance of robots, a separate class is introduced, even though robot man-
ufacturers are strictly speaking also component manufacturers.

Software vendor: producer or distributor of software for use in or with robot
systems, e.g. offline programming systems.

System integrator: company that integrates automation components into a ma-
chine.

Industrial service provider: company that provides services around industrial
robot systems, e.g. maintenance.

End-user: company that uses robot systems in their production.

One company may belong to several of these sub-classes. Each company is clas-
sified as being a small, a medium, or a large enterprise. Furthermore, specific
accounting properties for the cash pool can be stored with the company data, in
particular overhead costs for personnel and purchasing as well as interest rates
for capital.

Automation resource and component database

The top-level class automation resource contains information on the means (i.e.
resources) required for the execution of integration and manufacturing activities.
All automation resources have at least one role that they support. Figure 4.13
shows the sub-class structure for automation resources. The top-level distinction
is between human resources (automation personnel), technical resources used for
production or integration, but not being part of the robot system (technical re-
source) and technical components integrated into the robot system (automation
system component). The human resources always have a connection to the com-
pany by which they are employed. Automation system component is the class
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to which all technical components (for example robots, sensors, etc.) of automa-
tion systems belong. This class is split up into sub-classes to specify the types of
components in more detail. The first distinction is between software and hard-
ware components. This distinction is useful as the pricing model for hardware
(purchase-based) and software (license-based) is usually different.

The members of the automation component class hierarchy constitute a compon-
ent database that is used for obtaining information for building the cost-benefit
model (see Section 4.3.3 for more detail). The automation component class hier-
archy defines required parameters and properties of the members of these classes
to which the inserted components need to comply. For example, all hardware
components require a price, a weight parameter and an IP-code property.

The automation personnel sub-class lists the human resources used in the life-
cycle of the robot system. This might refer to actual human resources in terms
of individual employees, raising data protection issues, generic human resource
types employed at a specific company, e.g. electrician of system integrator A, or
generic human resources in general, e.g. electrician.

The used resources in the design process (technical resource) are numerous, for
example CAD-station, lifting device, laser scanner for system referencing. The
sub-class has no dedicated structure, but typical resources are stored there directly
as instances.

Automation role

The roles in the RoboCost ontology comprise the roles which are contained in the
developed role library for AutomationML (see previous section). When compared
to the AutomationML role library, the ontology defines additional roles related to
companies and personnel.

It is important to distinguish between the entity (automation resource) and its
role (automation role). These two concepts are closely connected as the type of the
automation component often defines its role. Nevertheless, they are not the same
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Figure 4.13 Resource classes of the RoboCost ontology.
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as one component may play different roles in different manufacturing systems. For
example, a triangulation sensor might be used for work piece localization, quality
control, online seam tracking, and potentially more roles. While some parameters
and properties of a component depend on the component, others relate to the
role of the component in the automation system. Examples for the former are
the purchase price and technical properties of a component. An example for the
latter is the integration effort of a sensor, because this effort depends on whether
the sensor data is used in real-time or offline. It is important to distinguish role
and component in order to be able to capture these nuances in the cost model.

Automation task

The class hierarchy for automation tasks is the key entry point for the activity-
based cost model. Here, cost-causing activities are described.

Automation components, their roles, product features, or other tasks can link
to automation tasks and hereby specify that their inclusion in a robot system
requires the execution of the linked automation tasks. Figure 4.14 shows the
modeling of this interdependence. Using this information, the cost-benefit model
for integration and operation of the robot system is built by instantiating the
required activities.

The automation task description comprises the following information:

◦ The role of the resource carrying out the activity.

◦ The company that is responsible for the task, that has to carry the costs that
are generated in the cost-pool due to the activity.

◦ The model that can be used to describe the cost-relevant aspects of the task
(see below).

◦ Optionally, the task can list precondition activities that need to be carried
out before the task can be executed.
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Figure 4.14 Information related to members of the automation task class.

During the set-up of the cost model, the required tasks are identified through
product features, components of the robot systems, component roles, or due to
other tasks that require preconditions. Then, the activity model related to the
task is instantiated and parameterized through the information of resource and
company.

Models

The members of the model class link to a mathematical description of the cost
model and to a semantic description of inputs (cost drivers) and outputs (activity
levels). This allows to connect the models to other activity models contained in
the cost-benefit model. Figure 4.15 shows the minimal information attached to
each model instance in the knowledge base. A data property contains information
where the mathematical model can be found. Object properties link to the input
types and output types of the model.

The mathematical description of the model implements a non-differentiating func-
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Figure 4.15 Information related to members of the model class.

tion that transforms inputs into outputs according to equation (4.1) on page 105.
This relation is typically an algebraic function, a look-up table, or a combination
of both. During instantiation of the cost-benefit model, this description is parsed
and an executable form of the model is generated as shown in Figure 4.16. This
form needs to be able to handle interval computations.

In order to store the activity models in a database and load them dynamically
into the cost-benefit model, a serialization of the models is required. Three differ-
ent ways for specifying model functions in the knowledge base have been devised.
The first way is a specialized XML-dialect. The second option to specify model
functions is the implementation through Python scripts. As a third option man-
aged code DLL libraries can be imported. The different ways of including cost
models are discussed in detail in the realization chapter (see Section 6.1.1). The
model functions are serialized in a file which is referenced in the knowledge base
with additional model information (see Figure 4.15).

Model IO

As outlined, the models contain information on inputs and outputs that are used
for computation. The members of the class Model IO are the vocabulary used for
inputs and outputs and allows the matching of inputs and outputs from different
PPRC-levels of the cost model. This aspect is important in order to connect
the single activity models to each other to form an integrated cost model for
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Figure 4.16 Instantiation of activity model from serialized form.

the robot system. The members of this class hence provide semantic grounding
to the information that is exchanged between the different PPRC-levels in the
cost-benefit model.

Model parameters and properties

The specific characteristics of models, components and other entities of the Robo-
Cost ontology need to be described in detail for building a cost-benefit model. For
this purpose, the concept of parameters and properties is introduced in the onto-
logy.

Parameters define actual numerical values referring to performance characteristics
or economical information of other entities in the ontology. Model parameters are
stored as members of a separate top-level class structure in the RoboCost ontology.
Parameters have two data properties relating to the infimum and supremum of the
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parameter. Furthermore, they are assigned a unit of measurement. Components
or other entities link to parameters through the object property hasParameter.

Properties refer to characteristics that can take one particular value from a set of
possible values. An example is an interface or the IP-protection class (Interna-
tional Protection Marking) of a component. The interface can be selected from
a range of possible interfaces, such as for example TS232 and Canbus, while the
IP Code can take discrete values such as for example IP65 and IP67. A sep-
arate top-level property class hierarchy contains the sub-classes relating to the
properties. These classes are populated with the sets of potential values for the
respective property. Entities in the ontology can refer to these values through the
hasProperty object property. Through this structure, the property itself can be
retrieved by querying the type of a certain property value.

Domain ontology for AutomationML file format

As already outlined, the information generated by plant engineering tools is used
in the cost-benefit model through input from the AutomationML file format.
As already explained, this information is transformed into RDF for further pro-
cessing. For this purpose, an AutomationML domain ontology is developed that
defines the relevant concepts of AutomationML and gives semantic grounding to
the AutomationML description after translation into RDF. This AutomationML
base ontology describes the characteristic concepts of AutomationML, such as
for example the instance hierarchy, system unit class library and role class lib-
rary. These concepts are described in the form of classes that allow to generate
an RDF version of a specific robot system from its AutomationML description
by creating entities of the XML-nodes in the AutomationML file and assigning
them to the specific classes. The AutomationML base ontology is contained in
the RoboCost Ontology to provide semantic grounding to the RDF version of the
AutomationML file (see Figure 4.7).
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4.3.3 Handling uncertainties in knowledge management

The cost-benefit model distinguishes between the machine-specific knowledge for
a certain robot system and the machine-independent knowledge concerning the
entire domain of industrial robotics. The machine-specific knowledge is contained
in the associated AutomationML file, while machine independent knowledge is
stored in the knowledge base. The key task for cost-benefit modeling is matching
the machine-specific description of the robot system to the machine-independent
knowledge in the knowledge base. This matching allows for reasoning on informa-
tion that is missing in the machine-specific description of the robot system. This
is required, as the plant model does not contain the information required to in-
stantiate a full cost model or in early design stages not even the information on
the complete system set-up.

The matching process requires that URIs from the knowledge base are set into
relation to URIs in the AutomationML data of the robot system. If this is not
possible, for example because a relevant component is missing in the knowledge
base or the relation cannot be established, other means for estimating the required
information are necessary.

Subsequently, it is outlined how the different types of uncertainties (see Sec-
tion 4.2.5) are modeled and handled in the cost model. It should be noted here
that resolution of uncertainties in the developed cost model is always situation-
based. Uncertainties are resolved only if an underlying relation, parameter, or
property is required for the cost computation.

The matching process is depicted schematically in Figure 4.17. The process starts
with a potentially incomplete AutomationML description of the system that has
been transformed into RDF. The first step is the set-up of the complete bill of
material of the robot system, i.e. the resolution of its composition uncertainty.
The components specified in the AutomationML file are broken down into their
sub-components until the individual components that can be purchased by com-
ponents suppliers or need to be manufactured are identified. These components
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are then matched to elements in the knowledge base, i.e. the association uncertain-
ties between the elements of the AutomationML information and the knowledge
base are resolved. Once the components are known, required activities and re-
lated activity models can be retrieved. After this, the parameters and properties
required for the activity models are retrieved from the knowledge base. At the
beginning of this process, uncertainties are mostly epistemic in nature as the un-
certainties refer mostly to relations between the device description and the know-
ledge base. During the matching process, aleatory uncertainties gain importance
as the parameters on the device level are increasingly driven by random processes
and chance.

Figure 4.18 provides details on the flow of the matching process. The figure also
introduces the main procedures for uncertainty resolution which are explained in
detail below. In the context of the figure, the starting point of every process of
uncertainty resolution is a parameter value uncertainty in the cost-benefit model.
This parameter value uncertainty is then reflected on the knowledge base and
might lead to composition, association, and parameter value uncertainties on the
side of the knowledge base which are then resolved consecutively as they occur.

In the first step, composition uncertainties are resolved in case the component
under scrutiny is a system consisting of separate components. An example is
the purchase cost of a robot end-effector which might be composed of several
components such as for example gripper modules, standardized profiles, sensors
and bus modules. Before the price can be determined, the single sub-modules
need to be identified in case they are not specified. Subsequently, components in
the knowledge base from which the desired properties can be retrieved need to be
found. This relates to the resolution of association uncertainties. Finally, once
component matches in the knowledge base have been found, the desired parameter
needs to be estimated and the associated parameter value uncertainty needs to
be resolved. In the following, the single uncertainty resolution steps are described
in detail.
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Figure 4.17 Matching process between system composition and knowledge base in or-
der to resolve uncertainties.

Handling of composition uncertainties

Composition uncertainties occur when detailed information on the composition
of the robot system or major sub-components is missing. For example, this is the
case if major modules of the robot system have been created in the PLM toolchain,
but not yet designed in detail. The cost-benefit model has two strategies to handle
this type of uncertainty described in the following.

1. Estimation through generic parameters: Generic parameters define compon-
ent or sub-system properties solely depending on the role of the component or
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Figure 4.18 Flow chart depicting the handling of uncertainties in the cost model.
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sub-system without knowledge on the implementation details or exact com-
ponent type. In the knowledge base, generic parameters are attached to the
component role. If defined they can be used as a very coarse estimate. For
example, it is possible to define a price range for a mechanical gripper for
grasping single small components without knowing details about the nature
of the part or the exact design of the gripper.

2. Definition of required sub-component roles: Instead of defining a lump-sum
estimate for the sub-system as a whole in the form of a generic parameter,
the system role can list required resource roles for the sub-system. For ex-
ample, a gripping module for small parts can be decomposed into a mech-
anical gripping module, jaws, a robot adapter structure, and a control in-
terface. For these components, the required parameters can be determined
using the mechanism for resolution of association uncertainties (see next sec-
tion). This type of estimation is more elaborate than lump-sum estimation,
as the parameter retrieval for sub-components takes into account parameters
of the overall system, e.g. the weight of the part for estimating the price of
the gripper module.

With the first strategy, the composition uncertainty is circumnavigated by es-
timating the parameter through a lump-sum estimate. With the latter strategy,
the composition uncertainty is decomposed into several association uncertainties
which subsequently have to be addressed. In general, the cost-benefit model first
tries to resolve the composition uncertainty, as in this process more details about
the system become known. For example, additional required activities are usu-
ally found when decomposing the system to a finer level of detail. Only if the
composition uncertainty cannot be resolved, for example because the required
role information is missing or because a decomposition in general terms is not
possible, the resolution through a generic estimate is attempted.
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Handling of association uncertainties

Association uncertainties occur when a device or component in the definition of
the robot system cannot be matched to a data entry in the knowledge base. This
can occur because the respective entry is missing or because the definitions in
knowledge base and system specification mismatch. Association uncertainties are
usually related to parameter value uncertainties. This is the case because missing
parameter values often reveal association uncertainties and because the resolution
of association uncertainties often leads to parameter value uncertainties when a
clear one to one relation with the knowledge base cannot be established. To resolve
association uncertainties, a matching between the properties of the local entries
and the database is performed. The following steps are performed hierarchically
in order to handle association uncertainties:

1. Exact match: The cost model retrieves the value of the requested parameter
by directly matching with an object in the data base and retrieving the
associated parameter of the object. This match either directly addresses
the requested entity through its URI or through one of the associated human
readable names in terms of the hasName data property. This case corresponds
an association uncertainty that can unambiguously be resolved by querying
the knowledge base.

2. In case no direct match for the component can be found, a fuzzy match
regarding the name and vendor property is applied. This means, an appro-
priate match for the human readable name is searched. In this case, a set
of matching components might be found whose properties might need to be
combined resulting in a parameter variability uncertainty.

3. If also a fuzzy match cannot be established, the resolution of the association
uncertainty through matching with existing data base entries is abandoned
and the underlying parameter value uncertainty is resolved. This resolution
process is described in more detail in the following section.
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The result of the resolution of the association uncertainty is either an unambigu-
ous or ambiguous match between the component under scrutiny and entries of
the knowledge base. In case no match is identified, the initial parameter value
uncertainty on the side of the cost-benefit model becomes a parameter value un-
certainty on the level of the knowledge base as no direct answer can be supplied by
the knowledge base. This means the parameter value needs to be estimated from
other information stored in the knowledge base as described in the following.

Resolution of parameter value uncertainties

Parameter value uncertainties occur on two levels. Firstly, in the description
of the robot system (see Figure 4.18) which triggers the uncertainty resolution
process through the knowledge base. Secondly, parameter value uncertainties can
occur in the knowledge base, if the knowledge base entry of an entity does not link
the desired parameter or if no knowledge base entry could be identified. In the
latter case, the cost-benefit model tries to estimate the parameter value through
the following steps executed hierarchically until an estimate has been found:

1. Estimation by similarity: The cost-benefit model tries to estimate the para-
meter value based on similar components by using a similarity criterion
defined in the ontology. The similarity criterion is attached to the role of the
component and contains knowledge by which quantity a specific parameter
is scaled for components of this role. An example for a similarity estimation
is the estimation of robot prices based on robot payload. The result of this
estimation is a set of estimates of the uncertain parameter forming an interval
number containing minimum and maximum values. Hence, the uncertainty
of this estimation process is reflected as parameter variability uncertainty in
the output and handled as described in the following section. More details on
estimation by similarity and the underlying data structures is given below.

2. Similarity estimation by role and class: If no estimate from comparable com-
ponents based on a similarity criterion can be found, the estimation process
falls back to an estimation by components of the same role and class. When
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the class criterion is applied, the tree of classes is searched upwards recurs-
ively from the direct mother class of the component to the root node and the
search is aborted as soon as a result has been obtained. This ensures that
the most specific estimate is used.

a) Estimation by class and role: In a first step, the parameter is estimated
from components of the same class and role. Examples for this type of
estimation is the price range for articulated welding robots or the price
range for triangulation sensors for object detection.

b) Estimation by role: If the estimation by class and role fails, the system
falls back to estimation by role alone. For example, the price range of
welding robots and object detection sensors are estimated. As the class
criterion from the previous step is continuously loosened, this corresponds
to the final search step related to class and role, i.e. when the class is
only restricted to the root note.

c) Estimation by class: If also the estimation by role alone fails as no para-
meter information is contained, only the class of the item is used for
estimation. This option is a last fallback that still uses specific inform-
ation on the actually contained device. This type of estimation is less
specific than the match by role as it contains no information of the usage
of the respective component and hence also its requirements. Examples
for this type of estimation is a general price range for industrial triangu-
lation sensors or a general price range for industrial robots.

3. Generic estimation by role and class: If no estimate based on comparable
components can be found, it is attempted to find a parameter estimate from
generic properties and parameters linked to the role and class of the item.
These are values that are rough estimates, usually with a high level of uncer-
tainty. Again, the estimation by role takes precedence as it is more specific
with respect to the application.

4. Use of generic parameter: In case the relevant parameter cannot be estimated
based on the role of the item, generic parameters that conform to the desired
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parameter class are used. For this estimate, no relation to component or role
exists. The estimates through generic parameters are therefore very coarse
and are only used as a suggestion for the next estimation stage, the request
of user input.

5. Request of user input: The cost model requests input from the software user,
if no estimate or only a generic estimate are found.

The most important step is the estimation by similarity. This process is explained
in more depth here. The estimate by similarity starts by querying the role of the
desired component in order to retrieve the similarity criterion for devices with this
role. Similarity criteria can be defined generally for all parameters of a role or
only for specific parameters of the role. In the latter case, the similarity criterion
is further linked to the parameter class as shown in Figure 4.19. Parameter
specific similarity criteria take precedence over general similarity criteria. Once
the applicable similarity criterion is defined, the component knowledge base is
queried for components that fulfill the following criteria:

◦ the component can take the desired role,

◦ the component can supply a value for the desired parameter,

◦ the parameter constituting the similarity criterion of the role is defined, and

◦ the value of the similarity criterion is within the absolute or relative similarity
threshold defined in the criterion (default is a relative threshold of 10% which
is used if no threshold value is given).

The result is a set of potential parameter values that are handled as a parameter
variability uncertainty (see below). The same applies for the estimation through
role. Here, estimates are composed of components that can take the desired role
and supply a value for the desired parameter. This estimate however is much less
specific than estimation by similarity.
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Figure 4.19 Specification of the similarity criterion in the knowledge base.

Resolution of parameter variability uncertainties

Parameter value uncertainties refer to the situation of not knowing the value for
a parameter, i.e. completely missing knowledge. Parameter value uncertainties
are resolved by estimating the parameter value (see above). This often leads to
an uncertainty regarding the exact parameter value. This parameter variability
uncertainty can have different sources:

◦ estimation of upper and lower bound by experts,

◦ ambiguous match between a real world component and entries in the know-
ledge base,

◦ estimation of a parameter value depending on similar components (similarity
match),

◦ conflicting information on a parameter value, usually from different sources,
for example two retailers with different prices,
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◦ uncertainty due to inherent randomness of the quantity, for instance volatility
of the electricity price due to market situation,

◦ underlying cause-effect relation that is too complex to monitor, e.g. price
formation due to target market and sales volume of customer.

All these types of parameter variability uncertainties are treated in the cost-benefit
model through the use of interval numbers. The aim here is to reduce parameter
variability uncertainties as far as possible. Due to the underlying nature of the un-
certainty and economic constraints regarding the effort for uncertainty reduction,
a complete elimination of the uncertainty is usually not possible. Therefore, the
remaining level of uncertainty is taken into account in the model. The treatment
of parameter variability uncertainties through interval numbers allows propagat-
ing the uncertainty through the model and shows the effect on the result.

For the reduction of the inherent level of uncertainty, the model relies on the
proper selection and maintenance of information in the used data sources, mostly
the knowledge base. The process on how conflicting parameter information is
consolidated into a single parameter estimate is described in the following.

The result of the estimation process triggered through parameter value uncertain-
ties are often conflicting parameter values. This situation occurs when the data
acquisition process results in a set of n parameter value estimates x1, ..., xn, where
xi ∈ I, for the parameter P . These estimates have to be consolidated in a para-
meter estimate xc ∈ I that can be used in the cost model. The applied procedure
is the determination of the interval boundaries containing all available estimates,
i.e. the set union xc = ∪n

i=1xi, computed by xc = [min(inf(xi)),max(sup(xi))].
This procedure guarantees that if the real value of the parameter lies inside one
of the bounds of the parameters’ estimates also the results will lie within the
computed result. This procedure is well-suited for small sets of estimates with a
high level of trust in the individual estimates. An assumption that is considered
applicable for the type of information that is stored in the knowledge base.
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Resolution of time uncertainties

Time uncertainties are caused by the parameter variability uncertainties of the
related models leading to uncertain execution times for processes on the resource
level. For example a parameter referring to the required work time for an in-
stallation task will create a time uncertainty in the resource model of the worker
carrying out the installation task that needs to be handled in the model computa-
tion. The handling of the time uncertainties for scheduling in the model has been
described in Section 4.2.6. Additionally to the temporal sequence of events, time
uncertainties are propagated through the cost model into the cost-pool where they
typically lead to uncertainties in cost as many cost aspects are time dependent.

4.4 Conclusion of concept

The developed concept allows to integrate knowledge from different sources into
a consolidated cost-benefit model of the robot system. The integrated knowledge
is coming from the AutomationML description of the robot system, general in-
formation from the knowledge base and experts. It uses the common product,
process, resource view approach and extends it with the cost-pool view to reflect
cost generation aspects. The proposed cost-benefit model uses interval numbers
to reflect uncertainty in all cost relevant quantities. This capability is also used in
the process of information retrieval from the knowledge base to resolve ambiguities
and estimate missing information. The developed approach allows to complete,
refine, and integrate information on cost aspects of the robot system. All used
knowledge is machine readable. Therefore, a software system can instantiate the
cost-benefit model for a robot system and perform computations to assess the
robot system over its entire life-cycle.
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In the previous Chapter 4, it has been assumed that it is possible to describe cost-
related aspects on each of the levels of the PPRC-approach in an isolated activity
model with clearly defined parameters and manageable complexity of computa-
tion. These activity models have to be capable of describing the cost creation
process in sufficient detail. This chapter introduces examples of activity models
to clarify their nature and to substantiate the above mentioned assumption of
Chapter 4. Examples of activity models are introduced for the example scenarios
outlined in Section 3.1. First, general activity models applicable for general ro-
bot systems are introduced. After that, application specific activity models for
welding and handling are described.

5.1 General activity models in robotics

The models introduced in this section are not bound to a specific application and
can be applied in general to industrial robot systems. Models are based on first
principles or literature where possible.

In the description of product and process models, it is distinguished to which
life-cycle phase of the robot system the activity models apply. This is necessary
as the aspects to be modeled differ between design, integration, commissioning,
and set-up on the one hand and regular operation on the other hand. Resource
models and cost-pool models are generic and are applied in all life-cycle phases.
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Table 5.1 Examples of parameters and properties for components.
Component
type

Parameters Properties

Robot Payload, repeatability, purchase
price, joint lengths, weight

IP-protection class, bus interfaces,
manufacturer

Triangulation
sensor

x-, z-range, resolution, maximum
measurement frequency, weight

IP-protection class, field bus inter-
faces, manufacturer

Pneumatic
gripper

Closing force, jaw displacement, nom-
inal pressure, weight, air consumption
per stroke

Manufacturer, gripper type

Electric motor Maximum torque, stall torque, max-
imum speed, inertia

IP-protection class, manufacturer

Welding power
source

Welding current range, working
voltage range, duty cycle percentage,
weight

Welding processes, manufacturer,
field bus interfaces, IP-protection
class

5.1.1 Product models for robot system realization

The product models in the integration phase are a combination of the composition
of the robot system in terms of a bill of material and the device descriptions of the
contained components including their parameters and properties. This informa-
tion is typically available from the plant engineering system, in data sheets, or
component catalogs. Table 5.1 shows examples of typically available parameters
and properties of some component types. As already outlined in Chapter 4, the
product model is an information model while the remaining activity models are
mathematical models.

As hardware cost typically constitute a significant part of the investment in a
robot system, the purchase price of components plays a central role. Other para-
meters are typically highly specific for the type of the component. The stated
parameters might differ depending on the exact specification of the component
manufacturer. However, in most cases, it is possible to translate specifications of
different component manufacturers into each other.
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5.1.2 Process models for robot system realization

Process models for the development and integration phase allow determining nom-
inal required working times for the execution of integration tasks. The develop-
ment and integration phase encompasses activities such as conceptual develop-
ment of the robot system, development and integration of different subsystems,
and robot system integration as a whole. The life-cycle model shown on the right
in Figure 3.4 on page 68 is detailed for the development and integration phase
as shown in Figure 5.1. The single phases of this detailed life-cycle model are
explained in the following.

Development and Integration

Commissioning and Ramp-up

Shipping

Installation at end-user site

Ramp-up of production

Integration phase

Development phase

Concept phase

Functional specification
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Figure 5.1 Detailed life-cycle during development, integration, commissioning and
ramp-up of the robot system.

In the conceptual design phase, the general concept of the robot system is defined.
As a first step, the end-user defines the exact requirements in the performance
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specification. In doing so, the end-user states the automation problem and defines
core performance metrics to be achieved by the robot system. Based on this in-
formation, the functional specification is developed by the system integrator. The
functional specification defines the active principles used to solve the manufactur-
ing task, a conceptual layout of the robot system, concepts for the robot tools, and
a specification of the core functionality. Often, in particular for new system types,
feasibility testing is required to validate critical functionality which accompanies
the generation of the functional specification. Usually, contract negotiations ac-
company this phase of system design.

In the development phase, many engineering activities are carried out simultan-
eously. These activities typically lead to the generation of design artifacts. Based
on these artifacts the sub-components of the robot system are created, tested and
prepared for integration. This includes general planning tasks such as detailed
layouting and simulation of the robot cell. In the development phase, the safety
concept is devised and a preliminary risk assessment is carried out. Main tasks
in the development phase are in particular the mechanical design of peripherals
such as end-effectors and the construction of additional mechanical components
such as pedestals and protective fencing. The electric layout is also designed in
this phase. The sub-modules of the robot system, for example peripherals and
control cabinets and circuits are integrated at the end of the development phase.
Also preparatory tasks for initial operation are carried out. Example of such pre-
paratory tasks are offline programming, programming of PLCs and configuration
of high level sensor systems, such as image processing solutions.

Finally, the generated components are integrated physically and in software. After
physical set-up, the motion programming of the robot is carried out. When offline
programming is used, part of the programming has already been done during the
development phase. The safety concept is validated in practice. Furthermore, a
documentation is written in this phase.

For estimating the efforts occurring due to processes in development, integration,
commissioning, and ramp-up, the used approach is derived from literature. For
software intense activities, the COCOMO method (see Chapter 2.3.2) is used.
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General development tasks are estimated using a modified approach as suggested
by Bashir et al., 2001. Some work steps, such as the safety life-cycle, are modeled
with custom models tailored to the type of work actually performed during this
phase.

Estimation of software development efforts

COCOMO offers a good trade-off between accuracy and available data on the
development process as it is well established and only requires input on project
type and delivered source instructions nDSI, which is estimated from comparable
software projects. This estimate is captured in the knowledge base listing the
infimum and supremum of lines of code from past projects depending on the role
of the software.

COCOMO allows to estimate the required development effort two for organic soft-
ware projects as

two = 2.4 (nDSI10−3)1.05. (5.1)

The COCOMOmodel is applied to all kinds of software, including custom software
for the project, sensor data evaluation, and PLC programming. What cannot be
handled with this approach is the reconfiguration of existing software function
blocks. How this increasingly common task can be handled in the cost-benefit
assessment of robot systems is open to further research. Once a sufficiently large
data set is available, the applicability of the COCOMO model and its suggested
parameters for software development in automation and PLC programming should
be analyzed. However, here the monitoring of software development effort is not
further pursued. It is assumed that the COCOMO model offers sufficient accuracy
for modeling software development efforts for automation projects.

Estimation of engineering design efforts and development times

Several components of the robot system require detailed mechanical and electrical
design. This includes the mechanical and electrical design of the entire work cell as
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well as custom-made components such as end-effectors, fixtures, jigs and material
feeding solutions (see Figure 5.1 for an overview of design activities).

For estimation of general engineering efforts, the model of Bashir and Thomson
(see Chapter 2.3.1) is used. The design effort two is expressed as a function of
product complexity C and severity of requirements R as

two = aC b Rc. (5.2)

The constants a ∈ I, b ∈ I, and c ∈ I depend on the development task and
the surrounding conditions for development and have to be estimated from past
data.

The development activities shown in Figure 5.1 might or might not be required
depending on the respective setup of the robot system under scrutiny. Hence,
the model of Bashir and Thomson is applied for all development branches shaded
in dark grey in Figure 5.1 individually. This allows to estimate the development
effort for the single components independent of each other.

In the context of robot systems, it is proposed to interpret the severity of require-
ments R as the level of the robot system on the Genefke Scale (see Chapter 2.3.3).
The parameter C for the different activities is chosen from a catalog based on
defined criteria for integration activities as shown in Table 5.2, end-effectors as
shown in Table 5.3, and fixtures as shown in Table 5.4. These tables show which
criteria are applicable for which design function. The value for the criteria is either
requested as input from the user or determined through a dedicated analysis of
the known description of the robot system. Currently, it is possible to draw the
number of robots (C5), the number of work stations (C6), the size of the end-user
(C9), additional end-effector axes (C14), tool changer functionality (C15), number
of fixed parts inserted into a fixture (C20), additional positioning axes (C23) and
automated feeding (C24) from design data or data entered in a different context
during the cost assessment process. Further information is explicitly retrieved
from the user in a questionnaire when required.

The original model of Bashir and Thomson counts the required functions. This im-
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plicitly assesses the influence of different functions equally. In order to reflect the
differing effort caused by the single functions and criteria listed in tables 5.2, 5.3,
and 5.4, the applicable criteria are combined into a consolidated measure for C

using scaling factors Fi:
C =

∑
i

(Fi Ci). (5.3)

The applicable factors have been determined from data gathered in expert inter-
views that were based on past projects. In these interviews, experts were asked
to give an assessment of the criteria listed in Appendix 3 and a quantification of
the effort of different design activities for their project. The scaling factors were
optimized to minimize the error between the prediction of the model of Bashir
and Thomson and the expert estimates.

The Genefke Scale as a measure for the severity of requirements R has a strong
impact on the estimated efforts. Generally, robot systems with higher numbers
on the Genefke Scale require more effort during design and integration or involve
technologies with lower TRL compared to established systems. The model of
Bashir and Thompson will predict higher development efforts for models with
higher number on the Genefke Scale.

Apart from the effort defining the development cost, also the development time tA
is estimated. This is required to control the resource allocation in the development
process on the resource level. As single robot system installations and their sub-
components are typically developed by small teams, a constant usage of resources
is assumed. Hence, the development time is estimated as

tA = tWo∑
i(uRitRi)

, (5.4)

where tRi is the daily work time of employee i involved in the development with
a relative resource utilization of uRi.
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Table 5.2 Measures related to the functional complexity of the robot system in the
concept and realization phase.
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Performance
specification X X X X X

Functional spec.
and concept design X X X X X

Feasibility testing X X X
Layout development X X X X
Simulation X X X X
Electric design X X X X
Setup and
integration X X X X X X

Installation at
end-user X X X X X X X X

Ramp-up X X X X X X X
Documentation X X X X X X

Table 5.3 Functions of custom designed end-effectors for determination of functional
complexity of the design process.
C11: Accurate (≤ 1 mm) calibration required (e.g. vision sensor)
C12: Advanced sensory capabilities (e.g. force-torque sensing)
C13: Advanced mechanical capabilities (e.g. floating mounting)
C14: Additional axis in end-effector
C15: Tool changer functionality
C16: Supply of solid process media (wire, power)

C17: Gripper copies shape of work piece
C18: Final work piece shape is determined by gripper

End-
effector

Gripper
C19: Gripping of easily damageable surface
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Table 5.4 Functions of custom designed fixtures and work piece tables for determina-
tion of functional complexity of the design process.
C20: Number of parts to be fixed
C21: Exact positioning of parts by fixture
C22: Jigging of parts under process influence
C23: Additional axis for positioning (e.g. tilting table)
C24: Automatic feeding of parts (e.g. turntable, conveyor)

Fixtures

C25: Automatic operation of fixture

System safety design

Robot systems require dedicated activities to ensure safety. This is the so called
safety life-cycle of the robot system. The safety life-cycle ensures that the robot
system conforms to applicable safety standards and can be operated safely. This
process includes the design of protective equipment, for example fences, doors,
non-separating opto-electronic safety equipment, such as laser scanners or light
curtains, as well as the deployment of safety controllers and underlying logic
components. Furthermore, a risk assessment is required in order to document
the safety of the robot system and assess any hazards that might result from its
usage. Finally, documentation, CE-marking, and declaration of conformity are
required. Inspections on the shop floor with occupational health agencies and
safety representatives have to be carried out to ensure that the system meets the
specified properties and is safe to operate.

The safety life-cycle consists of four main activities, i.e. safety concept, risk as-
sessment, documentation, and inspection, which are described in the following.

Safety concept: The work efforts for the safety concept are included in the lay-
out engineering work step described in Section 5.1.2

Risk assessment: For the risk assessment, it is assumed that nWS safety work-
shops of duration tWS are required, resulting in a total work effort of tWo =
nWS tWS for each of the participants. These workshops include the plant
developer, electrical engineer, process engineer, and safety expert. A good
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expert estimate for typical robot cells is nWS = [2, 3] and tWS = [4, 6] h and
includes the above mentioned personnel resources.

Documentation: Documentation includes the preparation and documentation
of the safety workshops and the preparation of required documents for CE-
marking, namely the risk assessment, safety relevant operation instructions
and declaration of conformity. A duration tDoc = [40, 60] h, including review,
signing, and archiving of the documents is a good estimate for single robot
cells. The activity is carried out by a design engineer.

Safety inspection: After the final installation of the robot system at the end-
user site, a safety inspection is required involving personnel of the responsible
occupational health body, end-user, and system integrator. An expert estim-
ate for the duration of the inspection is tinsp = [2, 3] h. Typically 3-5 persons
are involved in the safety inspection, namely a design engineer and/or project
manager of the supplier, an employee of the occupational health body and
the project manager, and/or production engineer of the end-user.

The above mentioned assumptions are not suitable for systems that require dedic-
ated certification, such as components listed in annex V of the machine directive.
However, as most robot systems are built from commercial off-the-shelve safety
components, this assumption applies to almost all robot systems. Further, the
presented estimates only apply to robot systems employing widespread safety prin-
ciples such as protective fences or non-separating protective equipment. Human-
robot collaboration systems relying on other safeguarding mechanisms require
different activities in their safety life-cycle and hence other functions for effort
estimation.

Acceptance testing

Typically a factory acceptance test (FAT) and a final acceptance test are per-
formed for robot systems. The factory acceptance testing concludes the integra-
tion phase and is typically carried out at the system integrator. Subsequently,
the system is shipped to the customer site and installed. The final acceptance
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Table 5.5 Typical values for constants for the acceptance testing model.
Constant Unit Factory acceptance Final acceptance
fmonitoring % n/a [5, 10]
ttestrun h n/a [30, 100]
tdocumentation h [1, 2] [3, 6]
tinspection h [1, 2] [1, 2]

test marks the transition in the life-cycle from the commissioning and ramp-up
phase to nominal production. Acceptance testing typically involves an inspection
of the system. Additionally, the final acceptance test includes the proof that the
system is capable of operating within the defined performance characteristics, in
particular availability, quality and production capacity. The effort for acceptance
test is therefore modeled through two models as follows. Firstly, the effort for the
test run of the system is determined as

tAtestrun = fmonitoring ttestrun + tdocumentation, (5.5)

where tAtestrun is the work effort for the test run, fmonitoring is the time factor for
monitoring during the test run, for example what percentage of the test time
a worker needs to monitor the test operation of the system, ttestrun is the time
of the test run, and tdocumentation is the time effort for the documentation of the
acceptance test.

The test run is typically carried out by technicians of system integrator and end-
user. The inspection of the robot system involves a larger group of participants
including project leaders and often responsible managers of system integrator and
end-user. It is modeled using a constant time effort tinspection. Table 5.5 provides
typical values for the introduced constants.
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Shipping and transport

Transport costs consist of the cost for loading, overland transport, custom duties,
unloading, and the effort for bringing the system to the installation site. Hence,
the associated cost-pool model can be written as follows:

Ctransport = Cpackaging +Cshipping + ccustomsCsystem +Ccustoms +COnSiteTransport , (5.6)

where Ctransport is the overall shipping cost, Cpackaging is the cost for packaging
the robot system, loading and arranging transport, Cshipping is the transport cost,
ccustoms is the custom duty rate, CSystem is the sales price of the system, Ccustoms is
the customs processing cost, and COnSiteTransport is the cost for on site transport,
i.e. from unloading to place of installation.

These costs except the packaging efforts Cpackaging are modeled as fixed cost items.
Shipping cost is modeled depending on the type of transport1

Cshipping =


[800, 1 500] e , nationally

[1 200, 2 500] e , internationally, overland
[1 500, 5 000] e , internationally, sea transport

. (5.7)

Customs duties can be retrieved from a customs database. Customs cost are
not considered further as software for custom duty calculation is available on the
market and could be integrated into the system in order to determine the customs
rate ccustoms.

Transport of the robot system to the installation site takes time and requires
specialized equipment. The cost for this operation is estimated to COnSiteTransport =
[100, 4000] e and consists of cost for renting specialized equipment, e.g. a forklift
for high payload or air cushions for floor transport.

Apart from these fixed cost factors for the robot system, the required work ef-
fort for organization of the packaging and creation of shipping papers as well as

1These figures correspond to typical robot systems which can be loaded on a single truck trailer.
This holds true for typical robot systems for the use in SMEs that are addressed in this thesis.
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handling of customs processing are modeled as standard effort typically carried
out by the project management. As a typical estimate for this task, a work effort
of tAshipping = [6, 16] hours is used.

5.1.3 Product models for robot system usage

Product models for robot system usage are specific to the manufacturing needs of
the product. The product models contain general parameters and properties of
the product, e.g. weight, material and dimensions. The purchase price of the raw
material is included or estimated based on the product properties. Additionally,
process specific measures that quantify the processing needs of the product are
contained. For example, welded parts contain a specification of length and proper-
ties of required weld seams. These parameters are highly specific for the executed
processes. Examples of product parameters for specific parts and processes are
presented in Section 5.2.

5.1.4 Process models for robot system usage

Process models reflect the production capacity and resource utilization specific
aspects of the used manufacturing technologies. Examples for welding, handling,
and closely related processes are given in Section 5.2. In the following, only generic
process models are listed, that can be used for different production applications.

Online robot programming

The motions of the robots in a robot system need to be programmed to perform
the desired manufacturing task. Robot programming means creating a capability
of the robot system, i.e. the ability to manufacture a new type of product. Never-
theless, the process is considered to be part of the usage phase as the parameter
source for this activity is the work piece itself and its complexity.
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Two methods are commonly used. In online programming, which is common in
SME scenarios, an operator guides the robot through the task by moving it us-
ing buttons or other input modalities on the programming panel of the robot.
Therefore, the robot is occupied during the programming task. On the con-
trary, in offline programming, the robot is programmed in a virtual environment,
resembling a CAD-system. Also offline programming usually requires program
correction in the work cell due to deviations of real world and virtual model.
Currently, new approaches in programming are emerging such as programming
by demonstration (Meyer, 2011) or hybrid offline/online programming.

A general expert guess from different projects executed at Fraunhofer IPA is
about 1 minute teaching time per path point by an experienced robot programmer
(Dietz et al., 2013b). For re-teaching of existing programs, an even lower figure is
assumed. The number of program points is estimated based on executed process
and relevant parameters of the part, and stored with the product information. For
this purpose, the robot programming model is process-specific as, depending on
the programmed process, it draws different information from the product model
and processes this information differently. The robot programming models for
GMAW welding and machine tending are given in sections 5.2.1 and 5.2.2.

Maintenance of robot system components

Maintenance is triggered by the resource model and modeled according to the
maintenance model of the robot as described in the next section. Maintenance
tasks are described by parameters related to the maintained resource that are
listed in Table 5.6.

The maintenance cost model therefore causes direct fixed cost CM + CF and
cost related to the work efforts caused by maintenance. Yearly maintenance cost
typically are about 3-5% of the overall system cost for single shift operation and
6-10% for double shift operation (Lotter et al., 2006). This information is reflected
as an interval number in the cost-benefit model.
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Table 5.6 Resource parameters for maintenance.
Parameter Unit Meaning
CM e Average material cost of maintenance task
CF e Fixed cost for maintenance, e.g. in case of a maintenance

contract
tAwo s Required working time for maintenance
tAidle s Downtime of the robot system

5.1.5 Resource models

Subsequently, general resource models of robot systems and their key components
are described. During integration, the cost relevant resources are mostly personnel
carrying out the integration and commissioning. During operation, the robot
system and its components are employed as resources in addition to personnel
operating and maintaining the robot system.

Robot model

The main cost resulting from the usage of robots stem from their energy consump-
tion and maintenance requirements. Energy consumption of industrial robots
heavily depends on the specific robot model (Chemnitz et al., 2011). Anandan,
2016 cites an average power consumption of 7.35 kW for a 100 kg payload robot.
Other research focused on improving the energy efficiency of industrial robots
and on developing suitable models for the energy consumption (Paryanto et al.,
2015). Here, the energy consumption of robots is modeled through two differ-
ent resource models capturing idling and motion behavior. This allows to reflect
phases without motion, where energy is only required for operating the robot
controller, and actual motion phases where additional energy is consumed by the
drives of the robot.

The idling model captures the consumed electric work WEon resulting from the
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power consumption due to the activation of the robot, for example the energy
consumption of the controller or fan, described by Pon.

WEon = Pon two, (5.8)

where two is the working time per day, e.g. typically 16 h for two-shift-operation.
The model for idle energy consumption runs in the background as time dependent
model as it is assumed that the robot system is always running when the produc-
tion at the end-user site is running, even if no manufacturing tasks are assigned
to the robot.

Power consumption due to the motion WEmotion resulting from losses in drives,
motors, friction, and intermediate circuit are captured in a separate model. The
motion related power consumption is clustered with respect to motion intensity,
referring to different operation regimes of the robot:

◦ Standstill: PE idle = 0 kW2

◦ Low speed feed motions: occurring for example during welding or machining
with power PEslow

◦ High speed positioning motions: occurring during fast transfer in open space,
for instance to position a tool or transfer a work piece with power PE fast

The consumed electric power is computed using the motion specification through
distance lmotion and speed vmotion. Furthermore, the model receives parameters
for the specific power consumption of the used robot for slow (PEslow) and fast
(PE fast) motions and the speed threshold vtresh for switching between these two
motion regimes. For fast speed motions, it is further possible to define a motion
distance lmotionfs in which the robot moves with full speed vrobot.

WEmotion = PE fast
lmotionfs
vrobot

+


PEslow

lmotion
vmotion

, if vmotion < vthres

PE fast
lmotion
vmotion

, if vmotion ≥ vthres.
(5.9)

2It is assumed here that standstill of the robot does not cause energy consumption. This holds
true for longer periods of standstill as the drives of the robot are typically switched off after
some standstill time.
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The specific values for the parameters PEon, PEslow, and PE fast are dependent
on the robot type. In case no data is available for the specific robot type, a generic
estimation based on its payload is applied. The occupation time of the robot tocc

is computed as the sum of all motion times of the robot

tocc = lmotion

vmotion
+ lmotionfs

vrobot
. (5.10)

The robot model furthermore tracks the usage of the robot system to predict
maintenance activities. These maintenance activities are part of the resource
model and therefore also included in the operation life-cycle phase in Figure 5.1.
Maintenance can be time-triggered, for example in the case of yearly inspection,
or triggered by the actual usage of the robot. For the latter, the accumulated
operation time tAacc is tracked in the model by adding up the operation times of
every task i executed by the robot system

tAacci+1 = tAacci + tocci. (5.11)

For time triggered maintenance or inspection, the operation time

top = Ti − Tinsp (5.12)

is monitored. Ti refers to the current time, i.e. the time of the execution of the
current task, while Tinsp refers to the time the robot system was last maintained
or installed. For both types of maintenance, an event is raised triggering the
maintenance if time thresholds are exceeded:

if (tAacc > tmain,A) → trigger usage controlled maintenance event
if (top > tmain,inst) → trigger time controlled maintenance event

(5.13)

The thresholds tmain,A and tmain,inst are parameters of the robot.

The fulfillment of the condition in equation (5.13) is checked if the resource be-
comes available after the completion of a manufacturing task. The used model
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has already been explained in Section 5.1.4. If a maintenance activity is executed,
the time storage in the resource model is reset, i.e. tAacc = 0 for usage triggered
maintenance, and Tinst = T for time triggered maintenance. Furthermore, the
occupation time of the robot is set to the duration of the maintenance task tAidle

to block the resource for usage during the maintenance.

In the same way, the usage monitoring can, in the same way, be used to model
system failures and the required repair activities. In this case, an additional
resource parameter tMTBF describing the mean time between failures is monitored
instead of the maintenance times tmain,A and triggers repair activities.

Model of human worker

For workers, the direct personnel cost and number of deployments are the output
activity levels of the resource model. The cost of a worker is computed from the
personnel cost rate plus an adjustment factor related to the competence of the
workers. Furthermore, the number of deployments is computed as

~Aworker =


CworkerD

ndeploy

tocc

 =


cworkerfttA⌈

tA

td

⌉
fttA

 , (5.14)

where ~Aworker are the activity levels of the worker model consisting of the direct
work cost CworkerD and the number of deployments ndeploy, cworker is the hourly cost
rate of the worker and ft a time correction factor. td is the average working time
of the worker per shift, typically the daily work time. The number of deployments
for a specific work task is computed by rounding the fraction of actual work time
and daily work time to the next higher integer (d·e), thus assuming exactly one
deployment for each day during which the worker is occupied with the task. tocc

is the occupation time that the worker is occupied with the task at hand.
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Model of software developer

Again, by using the COCOMO model, the required development time of a project
tdev is described by the relation

tdev = 2.5(two)0.38, (5.15)

where two is the required work time for the project according to the process model
given in Section 5.1.2. Using this, the required number of developers ndev can be
computed from the development time and required effort ndev = two/tdev.

This information is used to compute the required effort in the resource model
using

~Adeveloper =


CdeveloperD

ndeploy

tocc

 =


cdeveloperfttdevndev

0
tdevft

 , (5.16)

where ~Adeveloper are the activity levels of the software developer model consisting
of the direct work cost CdeveloperD and the number of deployments ndeploy, the
hourly cost rate of the developer cdeveloper, and a time correction factor ft. The
number of deployments ndeploy is constantly set to zero, as software development
is considered an office job without additional costs for deployment

The occupation time tocc for the software developers is the actual development
time tdev as computed by equation (5.15) with the time correction factor for de-
veloper involvement and efficiency. It is assumed that the number of developers
can be scaled in accordance with the optimal number ndev. The underlying as-
sumption is that the required number of developers can be contracted on the
market which holds true for general programming qualifications.

5.1.6 Cost-pool models

The used cost-pool models are all overhead models. A fixed percentage of cost
is added to the activity volume resulting from the resource models. This relates
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mostly to personnel cost overheads and purchase cost overheads. Other more
elaborate models including more accounting details or details of price formation
are possible but not in the scope here.

Personnel cost-pool model

The total personnel cost CW is computed by applying the personnel cost overhead
opersonnel of the company and taking into account an average deployment cost
Cdeploy as follows

CW = (1 + opersonnel/100)CworkerD + ndeployCdeploy. (5.17)

The deployment cost depends on the specific realization project, as it captures
travel cost estimates that depend on travel times and distance and has to be
specified by the user.

Electric energy cost-pool model

Electric energy cost CE is computed using a simple proportional model

CE = cE WE, (5.18)

where cE is the cost of electric energy per kilowatt-hour and WE is the consumed
electric energy.

Material purchase cost-pool model

The purchase cost of material CM is modeled through a simple overhead model
with the overhead rate opurchase

4CM = (1 + opurchase/100) 1CM , (5.19)
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where 1CM is the cost of material on the product level and 4CM is the cost of
material on the cost-pool level.

5.2 Application specific activity models

In this section, application-specific activity models for the example applications
introduced in Section 3.1 are presented. The models are specific for the processes
and resources applied in the example scenarios, but transferable to robot systems
carrying out similar processes.

5.2.1 Robotic GMAW welding

When estimating the cost for seam welding, three approaches are known as de-
scribed by the European Welding Foundation (EWF) (EWF, 2007) listed in de-
creasing order of accuracy:

◦ Cost per unit: The actual welding times and resource consumption for the
product are measured and transformed into cost.

◦ Cost per length: A feature-based approach attaching cost to the unit length
of the weld seams.

◦ Cost per weight: Computing the cost per mass unit of filler material.

For the cost-benefit model, an approach following the cost per length approach is
chosen as this is a feature-based approach compatible with the model setup and
as weld seam length can easily be determined from the product’s CAD model.

Product model parameters and properties

The product model has to contain all information required for the chosen cost
per length approach, namely the length of each weld seam lseam, the weld seam
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Table 5.7 Cost relevant parameters contained in the product model for GMAW seam
welded parts.

Parameter Unit Description
Seam length m Length of each individual weld seam
Seam type - The type of weld seam describing the topological ar-

rangement of parts
Seam geometry mm, ◦ Parameters specifying the relevant seam geometry

depending on the seam type

geometry and a reference of the process to be applied, described in a welding pro-
cedure specification (WPS). Table 5.7 lists product parameters used for GMAW
welded parts.

GMAW welding process models

The production of arc welded parts is a complex process that comprises both, the
welding process itself and further auxiliary processes. The most relevant process
models are presented below.

GMAW welding The process model for welding is parameterized through the
data in the welding procedure specification (WPS). The parameters contained in
the WPS are listed in Table 5.8.

The welding speed vfeed and the number of passes nweld are required to compute
the pure welding duration (arc-on duration) tA

tA = nweld
lseam

vfeed cconv
, (5.20)

where lseam is the length of the weld seam that can be read from the product
model as outlined in the previous section. The constant cconv converts the units
of the welding speed into standard SI units. Unit conversions between activity
models can be handled automatically by the model using the framework described
in Section 6.1.2.
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Table 5.8 Typical parameters contained in the welding procedure specification (WPS)
of GMAW processes.

Parameter Unit Symbol Description

Wire diameter mm dwire The diameter of the welding wire.

Welding current A Iweld The maximum and minimum electric
current during welding.

Welding voltage V Uweld The maximum and minimum electric
voltage during welding.

Shielding gas flow
rate

l/m Qg The flow rate of the shielding gas dur-
ing welding.

Wire feed rate m/min vwire The feed rate with which the welding
wire is supplied in the process during
welding.

Welding speed cm/min vfeed The speed with which the welding
torch is moved along the weld seam.

Pass of weld seam - nweld Number of seams that are required for
a joint.

Welding
temperature

◦C Tweld The required temperature of the part
for welding. This temperature typic-
ally is adjusted by preheating the part.

Approach Motions For each weld pass, the robot has to approach the work
piece and retract from it. The process comprises a coarse approach phase with
high speed and a slower fine approach phase.

The high speed approach motion is modeled depending on the covered approach
motion length lmotion, which is estimated using the work piece dimensions meas-
ured by the bounding box of the work piece where ~̌lbb is the minimum and ~̂lbb is the
maximum edge length of the bounding box. These dimensions are interpreted as
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upper and lower bound of the approach motion as the robot will typically retract
to a safe position after the weld pass. Thus the motion length becomes

lmotion = [~̌lbb, ~̂lbb]. (5.21)

The slow approach motion is modeled through a constant time interval tAslow ∈ I.
This is sensible as the approach motion is typically executed in a defined distance
to the seam, e.g. 10 cm, with a defined speed, e.g. 1 cm/s. tAslow is a parameter
of the process. This information is then used in the resource model of the robot
which has been presented in Section 5.1.5.

Preheating of part For some welding processes, a preheating of the part is
required. In case this process is performed in the work cell by placing a heater
at the work piece or through manual preheating, the resulting downtime needs
to be considered in the cost estimation. The required preheating energy WTh is
computed from specific heat capacity cwp and mass mwp of the work piece, the re-
quired preheating temperature Tweld from the WPS and the ambient temperature
Tambient

WTh = mwp cwp (Tweld − Tambient). (5.22)

From this, the time for preheating tAheating is computed by taking the effective
heating power of the used burner torch PThheater as input parameter

tAheating = WTh/PThheater. (5.23)

The time for preheating tAheating corresponds to the execution time of the heating
process which is supplied to the resource model of the heater and the robot (i.e. for
the robot tAidle = tAheating if preheating is carried out in the work cell). Personnel
effort tAworker can be derived depending on the process execution

tAworker =

 tAheating + tApreparation , for manual preheating
tApreparation , for heating with fixed heater

. (5.24)
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Here, tApreparation is the time required for preparation of the equipment which is
modeled as a constant parameter.

Robot programming The robot programming model for seam welding uses
the program point based approach introduced in Section 5.1.4. The number of
program points is either contained in the product model or is estimated based on
the number of weld seams contained in the product model. In the latter case,
the number of points on the weld seam is estimated to be 2 for straight seams.
For curved segments, it is assumed that program points are distributed evenly
along the length with a constant distance LS = [30, 50] mm. For each seam,
additionally four points for close approach and retreat are added. From this
estimate, the programming time can be estimated using the 1 minute per point
estimate.

Resource models specific for GMAW welding - the welding power
source

The only resource model specific to the GMAW process is the model of the welding
power source and associated process equipment. The welding power source is the
key piece of equipment for the welding process as it transforms electric energy
for the welding process. The device energy efficiency ηweld of the welding power
source is defined as the ration of welding power Pweld supplied to the process and
grid power PG drawn from the power grid, i.e. ηweld = Pweld/PG. The welding
power is computed using through Pweld = UweldIweld, where Uweld is the welding
voltage and Iweld the welding current as indicated in the WPS. Therefore, the
energy consumption of the power source WEPS can be computed as

WEPS = USIS

ηD
tA. (5.25)

State of the art welding power sources reach a device energy efficiency of ηD =
[0.8, 0.9] (Hälsig, 2015).
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The consumed welding wire lwire is computed from the filler volume of the weld
seam, which depends on the filler area Sseam and the length of the seam lseam and
the wire diameter dwire

lwire = 4 lseamSseam

πdwire
2 . (5.26)

This equation neglects the evaporation of components of the filler wire which is
negligible for solid filler wire. For hollow core filler wire, the formula needs to
be adapted to only take into account the part of the filler wire volume that is
actually supplied to the weld seam.

The weld seam filler area Aseam is computed from the specified geometry of the
weld seam of the work piece. Figure 5.2 shows the related parameters for fillet
and butt welds. Approximating the weld reinforcement cap by a triangle, this
results in

Sseam ≈


a2 + ah√

2
, for fillet welds,

Wh

2 + gt+ (W − g)t
4 , for butt welds,

(5.27)

where the geometric features and their symbols are shown in Figure 5.2.
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h
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g

h
t

b

Figure 5.2 Parameters of fillet weld (left) and butt weld (right).

The gas consumption Vg is computed from the gas flow rate Qg contained in the
WPS and the activation time tA

Vg = Qg tA. (5.28)
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Table 5.9 Cost relevant product parameters for handling tasks.
Parameter Unit Description
mP kg Weight of the part to be handled
aP m/s2 Maximum acceleration that the work piece is able to

endure
tcyc s The cycle time with which the part needs to be fed to

downstream processes
Grasp type - Type of grasp, i.e. 2/3 finger parallel, multi-fingered,

planar vacuum, suction cup, fixture

5.2.2 Machine tending robot for work piece handling

In the following, activity models that are specific for the machine tending robot
are detailed. The machine tending application was introduced in Section 3.1.2.

Product model parameters and properties

The required product model parameters and properties for handling are listed in
Table 5.9. It is noted that the required cycle time is listed as a product parameter.
This is the case as the required feeding speed is interpreted as a manufacturing
requirement of the product. In an interlinked manufacturing system with fixed
pace, the cycle time for the feeding would result from the planning process in-
volving required sales volume leading to the definition of manufacturing content
of single robot stations. The product parameters are supplied to the process mod-
els for computing the details of the handling process as outlined in the following
section.

Process models specific for handling tasks

The main handling process is the transfer of the work piece by handling through
the robot. The time for handling is computed under the assumption of constant
acceleration as
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tAmove =


2
√√√√ lmove

amove
, if
√
lmoveamove < vmove

lmove

vmove
+ vmove

amove
, else

, (5.29)

where vmove is the maximum motion speed, being a parameter of the robot (re-
source), amove is the maximum acceleration chosen as the minimum of the max-
imum acceleration endurable by the work piece aP and the robot arobot, i.e.
amove = min(aP, arobot). The motion distance lmove can be estimated from the
resource model of the work cell from the position of the material feeder and the
target position of the work piece, i.e. lmove = ‖~ldest −~lfeeder‖.

The same model is used for the reverse motion of the robot. However, for motion
without work piece, aP is set to infinity and hence it follows that amove = arobot.

From this information the input to the robot model can be generated as

lmotion = lmove, (5.30)

vmotion = lmotion

tAmove
. (5.31)

Additionally to the transfer, the grasping of the work piece contributes signific-
antly to the required handling time. The grasping of the work piece consists of an
approach phase, possibly a sensor-based localization phase, the grasping, and a
lifting motion that has to be performed with lower speed, depending on the work
piece properties. The time required for grasping depends on the type of grasp
that is performed.

tAslow = tgrasp, (5.32)

where tgrasp ∈ I is a fixed time which is a parameter of the grasp type property
of the work piece. Furthermore, the model produces the number of grasps ngrasp
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that are performed as an input to the resource model of the gripper. The release
of the work piece is modeled with the same model as grasping.

Robot programming The robot programming model for handling uses the
program point based approach introduced in Section 5.1.4. The number of pro-
gram points is fixed per part. It is assumed that per part the programming of
each 3 points for pick and place and two additional transfer points are required.
This leads overall to 7 points per part. From this estimate, the programming time
can be estimated using the 1 minute per point estimate.
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parameterization

This chapter describes the relevant implementation details of the cost-benefit
model and how the different activity models are parameterized using the know-
ledge base introduced in Chapter 4. The aim is to show how the method developed
in previous chapters can be transformed into a usable software system. This
software implementation creates the basis for the evaluation of the cost-benefit
assessment in Chapter 7.

The implementation architecture of the cost-benefit system is shown in Figure 6.1.
The different building blocks forming the architecture relate to either the man-
agement of knowledge or the cost-benefit model itself. This chapter follows the
structure of the implementation. First, the software implementation of the cost-
benefit model is introduced. Subsequently, the implementation of the system for
knowledge management and in particular of the knowledge base are explained in
detail.

6.1 Implementation of cost modeling

The cost-benefit model represents the cost structure of the automation system
and allows the computation of different scenarios with respect to its setup and
usage. It has to be distinguished between the information model and the asso-
ciated run-time component. The information model contains the actual inform-
ation relevant for cost-benefit computation. The run-time component is able to

184



6.1 Implementation of cost modeling

Cost modelingKnowledge management

Cost-benefit modelModel executor

AML

Knowledge-

base manager

Knowledge-base 

(Sesame)

UI and graphic visualization

Product models

AML manager

AML document

Model 

instantiator

Process models

Cost-pool models

Uncertainty 

resolution

XLS manager

XLS

XLS document

C
o
st

 d
ri
v
er

s

Cost cache

Static support classes

Event manager
Resource manager

Resource models

Accounting 

properties

Production schedule

A
ct

iv
it
y
 l
ev

el
s

Legend

Software component File

Information flowImplementation domain

Runtime document

Figure 6.1 Architecture of the cost model implementation.

run computations based on this information model. However, as the model is in-
stantiated during run-time, the two aspects of the model are closely interrelated.
In the following, the term cost model refers to the information model while the
run-time component is addressed in Section 6.1.2 where the calculation of the
model is explained in detail. The run-time component is a dynamic network of
activity models on all PPRC-levels and software components for executing this
network, i.e. computing the activity models and handing over results to other
activity models. The cost-benefit model is created automatically during run-time
by interpreting information on the structure of the system stored in the Auto-
mationML file. This process is called the instantiation of the cost-benefit model.
This instantiation is handled through the cost model manager and instantiator
component, and is described in detail together with the involved software com-
ponents in Section 6.1.2.

All software components are implemented in Visual C#. The graphical user
interface is realized as a Windows Presentation Foundation (WPF) application.
Further components are supplied as .NET class libraries. The implementation
makes wide use of C# delegates (Drayton et al., 2003), a concept very similar
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6 Implementation and parameterization

to function pointers, to store links between the different components of the cost-
benefit model and propagate results during execution.

6.1.1 Implementation of cost-benefit model

The cost-benefit model manages the single activity models and their connections.
For this purpose, it contains references to all contained activity models, all avail-
able cost drivers, and all activity levels. This collection spans all involved PPRC-
levels, i.e. product, process, resource, and cost-pool. The cost-benefit model
provides capabilities to change, to add, and to delete activity models. Further-
more, it contains the interface to all the involved activity models to trigger the
execution of the calculations in case new input data is available.

Implementation and uncertainty arithmetics

All instances of objects that store data are derived from a common, abstract an-
cestor class named CostObject. The CostObject class offers the infrastructure to
identify and find all objects of the cost-benefit model through a uniform resource
identifier (URI). This ensures that all components of the model can be identified
and addressed unambiguously. The child classes that derive from this URI mech-
anism are the activity models (ActivityModel) also containing the activity levels,
the event handlers (EventHandler), and the cost drivers (CostDriver) as shown in
Figure 6.2.

The activity models in turn follow the class hierarchy shown in Figure 6.3 to
differentiate models with respect to their usage and interface. It is distinguished
between product models and calculation models. Product models do not express
any computations, but provide information storage for the product information.
They exist for the robot system and its components (MachineProductModel) and
for the product manufactured on the machine (ProductionProductModel). Cal-
culation models provide the infrastructure for handling uncertainty calculations.
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CostObject

 MyUri:UriVariable

ActivityModel EventHandler CostDriver

+ GetUri:UriVariable

Figure 6.2 Top level class architecture.

Separate child classes exist for the cost-pool yielding cash flows (AbsCostPoolM-
odel), process models (ProcessModel), and resource models that are registered in
the resource manager (ResourceModel). The cost-pool models further exist as tra-
ditional cost-pool models taking input from the resource-level (CostPoolModel)
and purchase models that take event based input directly from the product-level
(PurchaseCostPoolModel).

To make uncertainty computation available throughout the model, a class for un-
certain numbers with overloaded operators for basic arithmetic operations is used
for all information processing. Special classes representing cash flows, interest
rates, activities, and cost drivers use this class to represent values internally. This
implementation ensures that interval arithmetic can be used throughout the entire
cost-benefit model implementation. All input parameters of the model, including
interest rates on capital, cash flows, assumed work effort, or basic costs like hourly
material cost, can therefore use uncertain numbers as all classes for the cost model
build on the uncertainty arithmetics. As interval numbers are a generalization of
real numbers, this approach also works for computations without uncertainty, i.e.
using intervals of the type [a, a] with zero interval width.

Activity models for single PPR-levels

The activity models form the atomic building blocks in which knowledge about
effort and cost information is stored. Each activity model expresses a relation
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Figure 6.3 Class architecture of different types of activity models.

between cost drivers as inputs and activity levels as outputs. The run-time im-
plementation of the activity models is required to be able to handle uncertainty
in the form of interval numbers.

As outlined in Section 4.3.2, three approaches for information storage and related
approaches for run-time representation of activity model have been implemented.
Firstly, a proprietary approach in which activity models are serialized in a spe-
cialized XML-format which is parsed during model instantiation and represented
by custom-made classes during run-time. Secondly, Python representations of the
model can be included in the run-time component of the cost-benefit model. For
both implementation types, the activity model class encapsulates the implement-
ation details and offers an interface to the overall cost-benefit model. This capsule
retrieves the input information from the governing cost drivers before execution
and makes the inputs available to the related functions, either represented by the
respective class structure for interval computations or by a Python script running
in a Python environment for .NET. A third option is to utilize managed code
DLLs implementing activity models. However, this option sacrifices readability of
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Figure 6.4 Mechanism for data retrieval and provision by activity models.

the models and requires prior compilation of models. On the other hand, classified
information can be better hidden.

The activity models are linked to the input cost drivers through delegates. This
mechanism ensures that activity models on a level i of the PPRC-hierarchy auto-
matically collect the required input information from level i−1 upon computation.
During instantiation (see Section 6.1.2), a delegate of the value retrieval function
of each input cost driver is stored in the activity model. Through this delegate,
the current value for the cost driver is retrieved before computation of the related
activity model. The value retrieval function of the cost driver in turn triggers
the update of the cost driver through retrieval and summation of the values of
the activity levels that feed this cost driver, i.e. one level above in the PPRC-
hierarchy. This is done through delegates of the activity levels that are called by
the cost driver. These delegates have been created and stored in the cost driver
during model instantiation. The activity model evaluation subsequently performs
the computation of the related functions and writes the results to the activity
level, which is managed by the individual activity model. Through this mech-
anism, it is possible to execute the entire model by consecutively executing all
activity models on the product level, process level, resource level and cost-pool
level. The process is depicted schematically in Figure 6.4.
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In the following the three approaches for representing activity models are de-
scribed in detail.

XML-representation of activity models The activity models can be de-
scribed in a specialized XML-dialect that specifies the required computations.
The XML-dialect describes the inputs and outputs of an equation so they can
be interfaced with cost drivers and activity levels in the cost-benefit model. Fur-
thermore, internal parameters can be specified. The XML-description specifies
how inputs and outputs are connected by introducing one or more functions with
nested operations in the form of XML-nodes. These XML-nodes take two inputs
which can be an input to the activity model, an internal parameter or another
operation. Listing 6.1 shows an example of a simple work time activity model

CWo = tWocWo, where (6.1)

CWo is the resulting cost, tWo the required work time, and cWo the hourly cost
rate. Line 1 specifies the name of the model. In lines 2-6 the input and output
quantities as well as internal parameters are defined. In lines 7-12 equation (6.1)
is defined. Lines 13-18 describe the equation for computing resource occupancy
time, which is required for resource models.

Listing 6.1 Example of a simple, linear overhead model for personnel cost
1 <PPRCostModel name=" GenericWorkTimeModel ">
2 <input name=" RequiredWorkTime " unit="Hours"></input >
3 <input name=" PersonnelCostPerH " unit=" CostPerHour "></

input >
4 <output name="Cost" unit="EUR"></output >
5 <output name=" ResourceOccupancyTime " unit="Hours"></

output >
6 <parameter name="P2" unit=" Dimensionless " iotype="

ScalingFactor ">1</parameter >

7 <equation output="Cost">
8 <operation type="mult">
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9 <inin >RequiredWorkTime </inin >
10 <inin >PersonnelCostPerH </inin >
11 </operation >
12 </equation >
13 <equation output=" ResourceOccupancyTime ">
14 <operation type="div">
15 <inin >RequiredWorkTime </inin >
16 <parain >P2 </parain >
17 </operation >
18 </equation >
19 </PPRCostModel >

The import of XML-files allows to directly build a run-time representation of the
activity model while being able to alter the activity models without the need for
compilation. During instantiation of the model this description is parsed by a
run-time component and class instances are created that implement the modeled
functions. For this purpose, the parser works through the tree of operations that
is specified in the XML-description and creates an instance of each respective op-
eration. The operation tree is parsed recursively. Therefore, the implementation
for the XML-representation of activity models does not permit the definition of
computational loops. The constructor of the classes that implement the algebraic
operations returns a delegate to the execution function of the operation. This
allows each operation to call the operations that form its branches. Finally, the
leaves of the operation tree, i.e. the inputs to the parsed function, are either cost
drivers or parameters of the function. In order to retrieve these values during
run-time, a delegate to a value retrieval function is stored during parsing.

The focus of the XML-based approach is implementing a simple solution to using
activity models stored in a knowledge base. The approach has shortcomings as
complex control flows like loops or operations involving multiple operators are not
possible. As most costing operations are simple models (see Chapter 5) and due
to the good availability of XML, this approach is sufficient for typical activity
models. Other description formalisms like in particular MathML could be used.
However, due to the limited feature set of the implementation and hence the low
coverage of MathML features this approach was dismissed.
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Python representation of activity models Alternatively to the basic cap-
abilities of the proprietary approach, it is possible to utilize Python scripts im-
plementing the models. The inclusion of Python scripts allows the specification
of more complex activity models including matrix operations and loops. These
scripts can be executed during run-time without prior compilation. Listing 6.2
shows an example of the simple overhead model in equation (6.1). In lines 1-10
the required dll-libraries for uncertainty arithmetics and required data types also
used in the C#-context are imported. In lines 12-21 data structures for the inputs
and outputs are created. The actual values of the inputs are read in lines 23-36.
The computational operations are defined in lines 41 and 42. Lines 44-55 hand
back the results to the C#-context. It is obvious that the python implementation
involves more overhead for transferring input and output information between
the C#-context and the python-context compared to the XML-approach. On
the other hand the definition of computations is much easier in python. This al-
lows to implement more complex computations, for example also involving control
structures.

Listing 6.2 Example of a simple, linear overhead model for personnel cost in Python
1 # -----------------------------------
2 #Import dll ’s required for models
3 # -----------------------------------
4 import clr
5 clr. AddReferenceToFile (" UncertaintyArithmetics .dll")
6 from UncertaintyArithmetics import doubleU
7 clr. AddReferenceToFile (" Costing .dll")
8 from Costing import OperationInput
9 from Costing import ActivityLevel

10 from System. Collections . Generic import List
11

12 # -----------------------------------
13 #Get the list of inputs and outputs
14 # -----------------------------------
15 #Get outer inputs
16 InputLst = List[ OperationInput ]()
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17 InputLst . AddRange ( GetOuterInputs ())
18

19 #Get outer outputs
20 OutputLst = List[ ActivityLevel ]()
21 OutputLst . AddRange ( GetOuterOutputs ())
22

23 # -----------------------------------
24 #Read the inputs
25 # -----------------------------------
26 #Find the required work time
27 RequiredWorkTime = 0;
28 for Input in InputLst :
29 if Input.IOType. VariableUri . ToString () == ’http :// www.

semanticweb .org/tad/ ontologies /2013/8/ RoboCostOntology
# RequiredWorkTime ’:

30 RequiredWorkTime = Input. DoOperation ()
31

32 #Find the personnel cost per hour
33 PersonnelCostPerH = 0;
34 for Input in InputLst :
35 if Input.IOType. VariableUri . ToString () == ’http :// www.

semanticweb .org/tad/ ontologies /2013/8/ RoboCostOntology
# PersonnelCostPerH ’:

36 PersonnelCostPerH = Input. DoOperation ()
37

38 # -----------------------------------
39 #Do computations
40 # -----------------------------------
41 Cost = RequiredWorkTime * PersonnelCostPerH
42 ResourceOccupancyTime = RequiredWorkTime
43

44 # -----------------------------------
45 #Set the outputs
46 # -----------------------------------
47 #Find and set the output cost
48 for Output in OutputLst :
49 if Output.IOType. VariableUri . ToString () == ’http :// www.
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semanticweb .org/tad/ ontologies /2013/8/ RoboCostOntology
#Cost ’:

50 Output. AddtoLevel (Cost)
51

52 #Find and set the output resource occupancy time
53 for Output in OutputLst :
54 if Output.IOType. VariableUri . ToString () == ’http :// www.

semanticweb .org/tad/ ontologies /2013/8/ RoboCostOntology
# ResourceOccupancyTime ’:

55 Output. AddtoLevel ( ResourceOccupancyTime )

For executing Python scripts in the .NET environment, the IronPython imple-
mentation is used. IronPython allows the utilization of .NET class libraries in
the Python scripts. This allows to utilize all functions and classes available in the
cost-benefit model in the Python scripts. The Python scripts are called during
run-time from the C# code and the evaluation of equations is carried out in Py-
thon. Through this, activity models with much more complex control flows can be
included. However, this flexibility comes at the cost of an increased overhead dur-
ing execution. This overhead stems from the additional IronPython environment
in which the Python scripts are executed and the overhead of Python.

Use of .NET-DLLs implementing activity models The inclusion of activ-
ity models as managed code DLLs offers a straight forward way of including addi-
tional models directly written in a high level programming language. The DLLs
conform to the interface also used by the import classes for the XML-importer and
the Python executor. The inclusion of managed code DLLs during run-time uses
the standard means of the .NET framework. This alternative is easy to integrate
into the cost-benefit model. It allows to easily hide implementation details of the
activity models in order to protect business intelligence. However, the proprietary
nature and need for pre-compilation makes this approach less flexible to use.
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6.1.2 Run-time representation of the cost-benefit model

The complete cost-benefit model is built as a run-time representation dynamic-
ally from the activity model implementations that form its building blocks. It
represents the costing structure of the robot system and its application. The im-
plementation of the ability to store the created cost-benefit model is possible, but
not realized at the moment, as the core focus here is on the structure of the model.
In order to obtain a life-cycle spanning assessment of the robot system, a com-
ponent controlling the execution, the so called model executor is implemented.
This component manages the evaluation of the single activity models forming the
cost-benefit model.

Model instantiation and management

The cost-benefit model is built from models for the single aspects of the robot
system (costing models). These activity models are provided in serialized form
and parsed into run-time representations as explained in the previous section.
The so called model instantiator component integrates the single activity models
into the overall cost-benefit model. The model instantiator processes the data on
the current design status of the robot system once it is translated into RDF (cp.
Figure 4.8 on page 113) and builds the cost-benefit model with information from
the knowledge base.

The instantiation order follows the logical connection of different concerns in
the model as introduced in Chapter 4 and as shown in Figure 4.8. Firstly, the
model instantiator builds the parts of the model that represent the development
and integration phase of the robot system. The manufactured product is the
robot system itself, and hence the model instantiator iterates through the plant
description, retrieves all assemblies and components of the robot system, and
questions the knowledge base on required activities and purchase prices of these
components. Information on related activities and used resources is iteratively
retrieved from the knowledge base and the model is built starting from the product
level down to the cost-pool level. Resources in this phase are mostly personnel
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resources. The related cost parameters are retrieved from the selected system
integrator.

Once the model for the integration and commissioning of the robot system is
built, the model instantiator moves on to building the model for the operation
phase of the robot system. Here, the robot system is the main resource used in
production, while the actual products manufactured by the robot system govern
which activities are carried out. Again, the model is built starting from the
product level working down to the cost-pool. The resource models in the operation
phase are parameterized through the product models during the integration phase
(see Chapter 4.2.4). This means the same resource identifiers are used to retrieve
system parameters from the knowledge base that were identified in the system
setup. In case multiple components can carry out required production tasks, the
ambiguity is resolved through requesting information from the user of the costing
tool.

The instantiation process of different activity models is very similar. In a first step,
a function for the creation of the model is called. This function parses the model
information stored in the knowledge base. In case of process models, processes
that are a precondition of the current activity are recursively instantiated by
calling the model creation function. As a first step instantiating an activity model,
the cost-benefit model is queried to find out if the model that is to be instantiated
is already contained in the model. In order to build the models, the required
downstream models in the PPRC-hierarchy are instantiated. For example for
process models, the associated resource and cost-pool models are created before
the process models are created themselves. Which downstream models are to
be instantiated is contained in the model information parsed at the beginning of
the instantiation process. Once this is completed, the actual activity model is
built in a separate function. This build function first prepares the environment
for the new activity model. This includes the creation of activity levels, model
parameters, and cost drivers. Subsequently, the actual model class is instantiated.
Figure 6.5 shows an overview of the different operations. Finally, for models that
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Figure 6.5 Called functions and their tasks during instantiation of activity models.

are event-triggered, i.e. activity and purchase cost models, the mechanisms for
event handling (see also following section) are created.

Typically, during instantiation of the cost-benefit model, ambiguous information
needs to be resolved. For this purpose, an uncertainty management component
has been implemented. The uncertainty manager is implemented as a static class
that can be called by all software components. The uncertainty manager stores
applied resolution strategies for uncertainties to reapply these strategies in case
an uncertainty already encountered arises in the same context.

During instantiation of the cost-benefit model, relations between cost drivers and
activity levels have to be found. Subsequently, the completeness of the cost rela-
tions in the model has to be checked. For example, if a model requires a certain
input which is not produced on the higher level, the model will not yield trust-
worthy results. The matching of cost drivers with model inputs and activity
levels with model outputs is carried out through the input type of the contained
information. The input type refers to a semantic description that annotates all
cost drivers and activity levels in the knowledge base and allows to identify quant-
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ities that are mutually compatible. This approach restricts the models to use only
one input or output of the same input type. Furthermore, a sufficiently fine se-
mantic grounding for activity levels and cost drivers is required. This semantic
grounding allows to distinguish related information depending on its context. Ex-
amples for process-related input types are length of weld seam, path feed rate,
and weld seam volume. The semantic grounding is collected in the knowledge
base and queried during model instantiation.

Handling of units

As outlined before, the relation of cost drivers and activity levels are established
by matching input types. Different models might produce their input in different
units depending on the implementation of single components. Therefore, means
for unit conversion are required in order to produce an executable model without
the need for manual intervention.

For this purpose, all quantities refer to a semantic description of units contained
in the knowledge base. Unit conversions are contained in a separate class. The
unit conversions specify a left side unit Xl, a right side unit Xr, an offset ωU and
a scaling factor fU. The conversion is defined as

Xl = fUXr + ωU. (6.2)

In case the instantiator discovers activity levels and cost drivers which are com-
patible in terms of input type, but not in terms of unit, it searches for an ap-
propriate unit conversion and generates a unit conversion element implementing
equation (6.2) or the inverse equation solved for Xr. The unit conversion elements
are derived from the same ancestor class as cost drivers and can be inserted into
the delegate-based calling scheme between activity level and cost driver. This
type of unit conversion can only be applied to linear conversions. It allows to con-
nect the different activity models even if their units mismatch. More elaborate
research on semantic unit descriptions exists (Hodgson et al., 2011) and could be
integrated in the future.
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Figure 6.6 Iterative process for cost-benefit model computation.

Model computation

The instantiated cost-benefit model constitutes a description of the cost-benefit
relations for a specific robot application that can be used to compute different
scenarios. This is done by computing the cost-benefit model. Computation refers
to stepping through the activity schedule and simulating the efforts and cost res-
ulting from the required activities. Details of the scheduling required for executing
different tasks can be found in Section 4.2.6.

The model is computed by trying to process the task that ranks highest in the
task schedule. If all required resources can be allocated and all precondition tasks
have been completed, the task is executed and the processing times of all resources
are stored in an execution horizon. The execution horizon lists times in the life-
cycle of the model when resources become available after completing a task, i.e.
points in time where the occupation state of the resource pool changes and at
which the execution of additional tasks might be possible. Then, the executor
iteratively moves through all tasks in the schedule and checks their executability,
i.e. if all preconditions are fulfilled and if all resources are available. After this,
the execution horizon is ordered with respect to the next change in the resource
pool and the task execution process is repeated at this point in time. Figure 6.6
shows a schematic of the computation process.
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For the computation, the handling of events related to the start of production
activities and the change in resource allocation are of high importance and ex-
plained in more detail below. These events allow to synchronize aspects of the
model and start the execution of activities.

Managing events Activities shall only be carried out and produce efforts in
case the related product is actually produced or some related activity is actually
carried out, i.e. assigned to a resource. The evaluation of the activity models
for activities and purchases are therefore triggered through an event mechanism
that allows to activate and deactivate the computation of these activity models.
This allows to activate these models only when required. For activity models,
an event causes the computation of the functions of the activity models and the
assignment of the resulting output activity levels. This ensures that activity
models are only evaluated in case the respective work activity is carried out at
the moment, i.e. when a product causing this activity is currently produced. The
cost-pool models related to equipment purchase are only activated once when the
effort causing product is produced to reflect the cost for purchase of components
or raw material.

The activation and deactivation of models is triggered through the so called event
manager. Process and cost-pool models register with the event manager when
they are created. The event manager is a static class which stores relevant events
and delegates to the activation of the related models in a list of so-called event
handlers. The event handlers store delegates that allow the activation of the
targeted activity models by setting an internal activation flag in the model. For
example, all related production activities and the cost-pool model for purchase
of raw material are triggered in case the event for production of this product is
triggered.

Figure 6.7 schematically shows the computation pipeline of the cost-benefit model
through the different PPRC-levels from product to cost-pool. The figure shows
how the event handlers act on the purchase cost-pool models and process models
in order to control the activity execution in the pipeline.
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Managing resource allocation Resources play a particular role in the cost-
benefit model as resources relate to physical assets and not only to semantic
concepts describing work tasks, activities, or cost. Hence, resources have limited
cardinality and limited capacity and therefore control the speed with which activ-
ities are processed in the model. The resource manager ensures that only as many
activities are assigned to a resource as this resource is able to process simultan-
eously. It is a static class. The resource manager administers a list in which all
resource models are registered when they are created during model instantiation.
It offers functionality for determining during model computation whether all re-
quired resources for a particular activity are available and can be allocated to
the activity or not. Given a list of required resources, the resource manager can
therefore answer whether a certain activity, for example the production of a new
part, can currently be executed. In case all required resources are available, the
resource manager can compute the task by executing the related resource models
through the event manager.
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6.1.3 User interface

Graphic user interface

As outlined in Chapter 4, interaction with the user is required in order to complete
missing information and resolve ambiguities during the matching of local system
description and the knowledge base. Hence, the interaction of the user with the
software is a central part of the developed cost-benefit assessment tool.

The cost-benefit assessment software uses a ribbon style user interface to present
different contexts for interacting with the model. This user interface and the main
interaction areas are shown in Figure 6.8. The user interface consists of three
main areas. The ribbon pane allows the user to load AutomationML files from
plant design and to specify cost-relevant information required for the model such
as interest rates, shift model, purchase price of the robot system, and company
size. The ribbon pane is only used for information that can be considered a
precondition for the execution of the model. An additional ribbon for managing
the knowledge base, e.g. for import and export of data, is available. The pane for
model execution and results is the main area for interaction with the model. This
area consists of several tabs that are used to display information that requires the
attention of the user during the model instantiation, the model execution or to
input different production scenarios. The main functions are:

Visualization: Different tabs visualize the results of the model. The software
offers to display the results in form of an amortization graph (see also next
section) for the overall project, from the perspective of the end-user, and from
the point of view of the system integrator. Furthermore, the cost distribution
over the entire life-cycle and the relation between hardware cost and activity
cost can be displayed in separate tabs. Finally, the model allows to display
the Gantt chart of integration and production activities.

Resolution of ambiguity: The uncertainty resolution tab is used for requesting
user input in case of ambiguous or missing information.
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Figure 6.8 User interface of the costing software.

Data input: The user data input tab is used for input of information on the robot
system that cannot be extracted from the AutomationML file, for example
the classification of the robot system on the Genefke Scale.

Production scenario: The production schedule tab allows to modify the pro-
duction scenario, i.e. which product is produced in which quantity over the
life-cycle of the robot system.

A status bar informs about the current processing status and running activities
of the cost-benefit assessment.

Visualization of model results

Results of the cost-benefit model are visualized in an amortization graph imple-
menting the differential cost-benefit assessment introduced in Section 4.2.2. The
sum of discounted cash flows accruing since project start up to a certain time ho-
rizon is plotted on the ordinate. The time horizon is plotted on the abscissa. The
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amortization graph displays the upper and lower limits of amortization computed
using interval arithmetics.

To obtain the amortization graph, the cost model is computed for a time in-
terval [Tstart, Tend]. In order to adjust this time interval, a discretization time
interval ∆Tinc is introduced and the end time of the interval is chosen as Tend =
Tstart + n∆Tinc. Because usually the production schedules for robot systems are
planned on daily basis, work days are chosen for discretization interval ∆Tinc of
the cost-benefit model. This offers a good compromise between time resolution
and computational effort. Tstart is set to the first event of interest, typically the
first payment or the first cost-causing activity. The time interval in which the
model is computed is then continuously expanded from starting from n = 1 to
obtain the amortization curve of the robot system. The accumulated cost for each
observed interval is computed as the sum of the cash flows accruing in this time
interval. These cash flows are discounted to the present time and added to the
diagram at Tend on the abscissa of the amortization diagram.

The OxyPlot library (Bjorke et al., 2016) is used for graphing. An area series is
used to plot the amortization interval of the robot system. Actual plots from the
software using the OxyPlot library are shown in Chapter 7 where the evaluation
of the costing system is presented.

6.2 Knowledge management

The cost-benefit model integrates data from different sources in order to obtain
as much information as possible while minimizing the need for manual input from
the user. Three sources of information are used to obtain application-specific
data and general information on components, prices, and required work efforts as
described in the following.

Robot system design information: The information from PLM plant design
tools stored in AutomationML files is used to structure the cost-benefit model.
The AutomationML file contains application-specific information.

204



6.2 Knowledge management

Knowledge base: The knowledge base is used to store general, application inde-
pendent information that is used to complement the information from Auto-
mationML file and fill information gaps (see Chapter 4.3).

Human input: As a third source of information, human input is used. This
source of information is in particular used if search in the knowledge base
does not yield a result or the uncertainty of the result is too high.

Figure 4.8 on page 113 shows the general schematic of knowledge management
in the costing system. The matching of information that is specific to the indi-
vidual robot system with the knowledge base has been described in detail in Sec-
tion 4.3. The querying required to retrieve information from the knowledge base
is handled by a dedicated component for query formation and response evaluation
called SPARQL Query Manager. This component can also resolve ambiguities,
for example through multiple entries or matches of components in the knowledge
base by asking the user. The result of the model instantiator is an executable and
parameterized cost-benefit model for the robot system. More details on the model
instantiator can be found in Section 6.1.2. In the following, the implementation of
the handling of AutomationML data, the implementation of the knowledge base
and the user interface for retrieval of user inputs are outlined.

6.2.1 AutomationML data management

AutomationML data is parsed using the AutomationML engine supplied by the
AutomationML consortium. The fundamental relations of AutomationML in-
formation are formalized in the knowledge base and used as vocabulary for the
resulting RDF description. The transcription process is carried out in an explicitly
coded component.

All concepts and relations in the AutomationML file are translated into RDF. In
this process, also all cross relations through the URI mechanism of AutomationML
are checked for consistency and created as object restrictions in the resulting RDF
representation. This, in contrast to the AutomationML engine, results in the
advantage that links between elements can be followed and directly addressed
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in queries. The unique identifiers of internal elements of the AutomationML
file are retained in the conversion process allowing to trace back information to
the original AutomationML document. The handling of the RDF description and
information retrieval from the knowledge base are handled in the library dotnetrdf,
which offers an easy way of creating, manipulating, and querying RDF structures
in .NET.

6.2.2 Knowledge base

The knowledge base is hosted on a Sesame triple store running on an Apache
Tomcat server. The knowledge engineering of the ontology is carried out us-
ing the software tool Protégé. For the import and export of component data, a
specialized interface has been programmed as add-on to the cost-benefit model
client that allows the management of the knowledge base. Through this man-
agement console, templates for component information can be exported and filled
templates can be read back into the knowledge base. The used knowledge base ar-
chitecture supports multi-user access. This allows multiple users to use the same
information. Updates of the knowledge base become immediately available to all
users. On top of the currently implemented dedicated knowledge base in Sesame,
it is possible to extend the knowledge retrieval to further knowledge repositories
through the capabilities of federated SPARQL queries. This is easily possible if
the addressed knowledge storage offers an SPARQL endpoint and references the
semantic grounding of the RoboCost ontology.

On the side of the cost-benefit assessment software, a query management has
been implemented that supplies trunks of SPARQL queries required to withdraw
typical information such as class or role relations from the knowledge base without
manual composition of the queries. This component also allows to read back
the query results into the native data types of the cost-benefit model and hence
abstracts the querying process. The key components of the query management
and the interaction of the different knowledge sources are schematically shown in
Figure 6.9.
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Figure 6.9 Query router and handling of SPARQL queries.

Closely related to the query management is the management of the resolution of
uncertainties in the queries. This uncertainty resolution component is triggered
by the parsing function of the query answers in the SPARQL query management.
Here is the natural place for resolution of association uncertainties or remaining
parameter value uncertainties. For example, if a component property is queried,
the result might be a single, multiple or no estimate of the component property.
While the first case corresponds to no or a consolidated uncertainty in the know-
ledge base, the second case corresponds to an association uncertainty. In the last
case the query did not allow to resolve the parameter value uncertainty. The
translation of query results into a consolidated uncertain number to be used by
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the cost-benefit model is one of the key tasks of the query parser. The uncer-
tainty resolution component has access to the uncertainty resolution tab of the
user interface in order to request input from the user.

All entities in the RoboCost ontology use the common referencing mechanism
through URIs in order to unambiguously refer to concepts in the ontology. In
order to relate the concepts to real world instances which will possess ambiguous
names, all entities further specify human readable names through the hasName
data property. These human readable names specify differing denominations of
the entity and allow the matching of entities from different storages of knowledge
and the resolution of ambiguous real world denominations. The URIs in the de-
veloped software are managed centrally in a component called URIManager. This
component is implemented as static class and can be accessed from all classes and
functions. It implements a register of components and their URIs and is therefore
capable of identifying run-time elements through their URI. Furthermore, it can
generate new, unambiguous URIs.

6.2.3 Knowledge interaction

Interaction with the user takes place in two ways. The user can supply missing
knowledge through the completion of automatically generated XLS spreadsheets.
This way of input relates to the specification of information that was missing
in the knowledge base for the purpose of improving the information content of
the knowledge base. The second way of inputting information relates to the
data that is required in the context of the analyzed robotic application but is
not stored in the knowledge base. This relates in particular to the definition of
the production schedule of the machine and the resolution of ambiguities that
cannot be resolved automatically with the information contained in the robot
system’s AutomationML description and knowledge base. For example, certain
activities during integration can either by carried out by the end-user or by the
system integrator. In order for the cost-benefit assessment software to use the
correct costing information, it will ask the user to specify the company or at least
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type of company that will carry out a specific activity. Uncertainty resolution is
integrated into the GUI of the costing system (see Figure 6.8) as separate tab
behind the results pane that are brought to the front in case the resolution of
uncertainties is required by the user.

The role library for AutomationML is generated from the roles stored in the
knowledge base. The role library is exported from the knowledge base by the
cost-benefit assessment software as AutomationML compliant XML-file. For this,
the cost-benefit assessment software queries the knowledge base for all roles and
generates the XML-file with this information.

209



7 Evaluation

In this chapter, the developed method for cost-benefit assessment of robot systems
is evaluated. This includes the discussion of typical model results for the examples
presented in Section 3.1. First, the amortization behavior for the GMAW use
case is presented. Subsequently, possible scenarios of the amortization behavior
are discussed. The sharing of cost and risk between the system integrator and
end-user as key stakeholders in the realization process are explained. Finally, the
ability of the cost-benefit model to plausibly schedule work activities is scrutinized.
A comparable analysis is subsequently carried out for the handling use case. The
results are analyzed with respect to plausibility and in relation to experience from
realization projects. Finally, the integration of the costing method into the design
process for robot systems is discussed based on the usage experience.

7.1 Analysis of model behavior

The cost-benefit model uses the activity models introduced in Chapter 5. It is
assumed that two GMAW welded products are produced with the robot system.
These products are shown in Figure 7.1. The parameter values used in the eval-
uation of the GMAW use case can be found in the Appendix 4.1.

7.1.1 Typical amortization behavior

The amortization graph introduced in Section 6.1.3 provides a good starting point
for the analysis of the model performance. This amortization graph includes all
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Figure 7.1 GMAW welded products used for the cost calculation: excavator bucket
(left) and packing roller (right).

relevant aspects as it represents the cost and time frame for the realization and
the usage of the robot system in production in one single figure.

Figure 7.2 shows the amortization behavior for the GMAW use case. This graph
accumulates all efforts that occur during the life-cycle of the robot system, i.e.
it fuses the system integrator and end-user view into one graph. The figure
includes cash flows of types 1 and 3 as introduced in Section 4.2.2. Therefore,
it neglects profit and risk sharing between system integrator and end-user and
allows a statement regarding the overall cost effectiveness of this robot system.

1

2
3 4 5

6

7

Figure 7.2 Simulated amortization behavior of the welding use case.

At the beginning of the life-cycle (see label 1 in Figure 7.2) the efforts for the
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concept phase can be seen, i.e. efforts for performance specification, functional
specification and feasibility testing, and the early processes of the realization
phase, such as the detailed layout design. Subsequently, the cost increases steeply
due to the procurement of the system components (label 2). Further efforts are
required for integration, commissioning and ramp-up (label 3). This leads to
the maximum of the cost curve (label 4), which represents the realization cost1.
The overall realization effort of the system is [141 000, 311 000] EUR, which is in
alignment with the project experience of the analyzed use case. Subsequently,
the robot system starts to amortize itself by reducing the labor cost compared to
manual process execution (label 5). For the welding use case shown in Figure 7.2,
the break even for the overall system is predicted to occur in the time interval
[212, 768] days (see labels 6 for best case and label 7 for worst case). As can
be expected, the width of the return on investment funnel increases over time as
more and more uncertain cost items are taken into account and discounted to the
present day as time advances.

Amortization views of end-user and system integrator

As already outlined, the amortization graph shown in Figure 7.2 neglects the
transaction between system integrator and end-user and provides an overall state-
ment of the cost and benefit of building and operating the robot system. Further
analysis allows to assess the profitability from the perspective of system integrator
and end-user individually.

Figures 7.3 and 7.4 show the separated views on the project of system integrator
and end-user. The details of this separation have been introduced in Section 4.2.2.
For this purpose, the conditions of payment and height of down payments between
system integrator and end-user have to be input into the system. This input
corresponds to the contractual agreement between system integrator and end-
user, in particular the price of the system, which is project-specific and contains
the profit of the system integrator.

1Neglecting realization efforts occurring during the amortization phase, such as performance
optimization, etc..
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Figure 7.3 Amortization behavior of the GMAW welding use case from the point of
view of the system integrator.

Figure 7.3 shows the project from the view of the system integrator. As can be
seen, the system integrator carries most integration efforts. Also, the payments for
equipment in early project phases accrue on the side of the system integrator as
the system integrator has to purchase the components for system integration (see
label 2 in Figure 7.3). The down payments by the end-user constitute income on
the side of the system integrator. The down payments can be seen in labels 1 (pre-
payment), 3 (factory acceptance test payment) and 4 (final payment). Therefore,
this figure allows to assess risk and profitability of the robot system on the side of
the system integrator. As the system integrator does not benefit during the usage
phase of the robot system except for service activities, the amortization curve for
the system integrator is concentrated in the realization phase.

Figure 7.4 shows the view of the end-user on the project. The main cost items here
stem from payments to the system integrator (see labels 1, 2 and 4 in Figure 7.4).
Some of the integration cost, e.g. commissioning and ramp-up accrue directly at
the end-user (see label 3). The amortization of the investment does only take
place during production. Hence, the interesting part of the amortization curve
for the end-user is the usage phase of the robot system, where cost and benefit of
the system are weighted against each other (see label 5). The projected return on
investment for the end-user for the welding use case is in the time interval [340,
802] days (see labels 6 and 7). Note that the projected return on investment for
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the end-user is later in time than for the overall return on investment as the robot
system also has to “earn” the profit of the system integrator in this view.

1
2 3
4 5

6

7

Figure 7.4 Amortization behavior of the GMAW welding use case from the point of
view of the end-user.

Amortization scenarios

In the following, different scenarios for the amortization of robot systems are
discussed by modifying parameters in the GMAW welding example. This allows
to reflect on the ability of the cost-benefit model to accurately reflect and represent
different amortization scenarios that might occur in reality. It also increases the
confidence that the causal relations in the cost-benefit model are sound.

Regular amortization Regular amortization as shown before in figures 7.2, 7.3
and 7.4 is characterized by a steady increase of cost in the realization phase.
At the end of the realization phase, the uncertainty should not be excessive.
The amortization graph should then decrease monotonously in the usage phase
until amortization. During this decrease, the associated uncertainty should slowly
increase due to uncertainties in actual resource consumption by the robot system,
uncertainties in cost benchmarks and interest uncertainties. The width of the
amortization time interval is the temporal uncertainty of the point in time when
break-even is reached. The width of the amortization interval should not be
larger than one year for most robot systems in order to allow for a well-founded
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evaluation of the cost-effectiveness of the robot system. The amortization graph of
overall system and end-user should look similar with a slightly longer amortization
time frame and a lower amount of uncertainty on the side of the end-user.

Depending on the specific project and its parameters, the amortization graph
might look different from this nominal shape. This can be the result of a number
of reasons. In the following paragraphs, different deviations from the nominal
amortization shape are described. These paragraphs also point out possible reas-
ons for these deviations, implications on the assessment of cost and benefits and
possible resolution strategies.

Pricing mismatch: overpricing of robot system Pricing mismatch occurs
when the price for the robot system or payment modalities agreed between system
integrator and end-user do not correspond well with the actual efforts on either
side. Figure 7.5 shows the amortization graphs of system integrator and end-user
in case of overpricing. The plots were created by increasing the system price
paid by the end-user from e 300 000 to e 500 000. In case of overpricing, the
amortization curve of the system integrator is deeply in the profit zone. The
amortization time frame for the end-user is significantly longer than to the overall
system. This is the result of the system integrator reaping a large portion of the
profits resulting from automation. Only in few cases, where the realized robot
system exhibits excellent cost savings, will the project still be economically sound
for the end-user in case of strong overpricing. The overall amortization curve does
not change compared to Figure 7.2 as it is agnostic to the transaction of system
integrator and end-user.

Pricing mismatch: underpricing of robot system Figure 7.6 shows the
amortization graphs of system integrator and end-user for underpricing. To create
underpricing, the system price paid by the end-user was decreased from e 300 000
to e 150 000. In case of underpricing, the amortization graph of the system
integrator at the end of the project considerable intersects with positive figures.
This means there is a significant risk for loss on the side of the system integrator
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deeply in profit zone

late payback

Figure 7.5 Amortization curves of system integrator (top) and end-user (bottom) for
overpricing.

at the end of the project. As automation projects typically involve a significant
realization risk, it is not uncommon that the supremum of the amortization graph
of the system integrator is positive. This corresponds to the situation with a
worst case chance of loss on the project for the system integrator. As the system
integrator also profits from servicing the robot system, the project might still be
profitable, even if the worst case scenario materializes. However, if the figures
are too far on the positive side, this will harm the system integrator. Sometimes,
system integrators accept underpricing or knowingly underprice robot systems due
to strategic considerations. For example, if the robot system is a pilot installation,
the system integrator might hope to profit from follow-up realizations that are
sold at the same or similar price. Or, the system integrator might accept a project
even if the project is not profitable in order to ensure a high degree of capacity
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utilization of his organization and generate a contribution margin to fixed costs.
Hence sometimes, system integrators knowingly accept a project loss in hope of
future profits. Also for underpricing the overall shape of the amortization curve
is unaltered and shown in Figure 7.2.

project loss likely

early payback

Figure 7.6 Amortization curves of system integrator (top) and end-user (bottom) for
underpricing.

High realization risk High realization risk can be witnessed by a high level
of uncertainty of the cost graph at the end of the integration phase (see Fig-
ure 7.7). This figure has been created by tripling the uncertainties of all purchase
prices of system components, i.e. increasing the width of the uncertainty interval
threefold. This case signifies a high level of uncertainty regarding the actual effort
for the successful realization of the robot system in terms of required activities
or investments. The associated risk stays with the system integrator as usually
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a fixed price for the purchase of the system is agreed between system integrator
and end-user. This can be witnessed by comparing the amortization of end-user
and system integrator as shown in Figure 7.8. Realization risk is typically high
for new types of robot systems (i.e. high number on the Genefke Scale). In case
the realization risk prevents making a meaningful assessment of the cost effect-
iveness, it might be useful to include an experimental study or simulation of the
robot system in order to gather more data and thus possibly reduce the level of
uncertainty in the realization estimates.

wide interval
after realization

Figure 7.7 Amortization curve for the case of high realization risk (overall amortiza-
tion curve).

High usage risk High usage risk becomes evident in a strongly widening cost
funnel in the realization phase. This yields an extremely wide amortization in-
terval as shown in Figure 7.9. Here the associated uncertainty for the benchmark
cost has been increased three times, i.e. the interval width for the benchmark
cost has been tripled. This effect hat two potential causes. Either, the actual
production cost of existing products is not exactly known or the actual usage
cost of the robot system has a high level of uncertainty. The former cause hints
that a more detailed analysis of existing processes is required before investing in
automation. This is highly advisable as this analysis might also yield measures
to realize efficiency gains in the existing production as cost causes are not exactly
known today. In case the uncertainty cannot be reduced by this detailed analysis,
it is likely due to fluctuations in production performance. In this case, automa-
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high project risk

Figure 7.8 Amortization curves of system integrator (top) and end-user (bottom) with
high realization risk.

tion might be a useful solution to achieve more reliable production processes. The
latter case hints that one or several models in the usage phase cause significant
uncertainty. In this case, the models and in particular their parameters should
be reviewed to decrease the level of uncertainty and improve the expressiveness
of the model. High usage risk only affects the end-user of the system. Figure 7.10
shows the amortization curves for system integrator and end-user. As the system
integrator does not participate in the usage of the robot system, the associated
risk stays with the end-user.

Project runaway Project runaway occurs when in the worst case the robot
system does not produce cost savings in comparison to the benchmark. This
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wide amortization funnel

Figure 7.9 Amortization curve with high usage risk (overall amortization curve).

wide amortization funnel

Figure 7.10 Amortization curves of system integrator (top) and end-user (bottom)
with high usage risk.
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leads to an ever increasing supremum of the cost funnel and hence an amortiz-
ation cannot be achieved. Figure 7.11 shows this situation for a decrease of the
supremum of the benchmark cost per part by e 200. Runaway cost only concerns
the end-user in most payment modalities of robot system installations. Project
runaway can affect the entire amortization funnel or only its supremum. In case of
project cost runaway with a sufficient amortization time frame for the infimum of
the cost funnel, a more detailed analysis is required in order to attempt reducing
uncertainties on the supremum side of the cost funnel. In case also the infimum
points at a critical amortization time frame, i.e. also the best case does not lead to
an amortization of the robot system, the usefulness of the project in cost benefit
terms should be questioned. Figure 7.12 shows the amortization curves for system
integrator and end-user for project runaway. Again, only the end-user is affected
by the project runaway as the effect occurs during the usage phase.

runaway of cost in worst case

Figure 7.11 Runaway of project cost (overall amortization curve).

Summary of amortization scenarios As can be seen from the introduced
amortization scenarios, the cost model is capable of representing typical situ-
ations that can occur in the amortization of robot systems. The amortization
graph offers an intuitive and easily accessible representation of the cost effective-
ness over the entire life-cycle of the robot system. It also allows to isolate the
views of end-user and system integrator and represents the risk associated to the
project. This is believed to foster cost transparency in the cooperation of the
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runaway of cost in worst case

Figure 7.12 Amortization curves of system integrator (top) and end-user (bottom)
with project runaway.

different stakeholders, while effectively hiding sensitive information such as profit
margins.

7.1.2 Distribution of risk and uncertainties among
stakeholders

When comparing the views of system integrator in Figure 7.3 and end-user in
Figure 7.4, it becomes evident that the risk reflected in the width of the amort-
ization funnel is distributed highly unevenly between system integrator and end-
user. While the risk of the end-user is very low and the amortization time rather
certain, the system integrator bears the bulk of the risk related to the system
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realization. This uneven sharing of risks results from the typical contractual ar-
rangement in the realization of robot systems and the fact that the realization
risk in special machinery is very high. The end-user buys the system at a fixed
price from the system integrator. Hence, the realization risk almost solely rests
with the system integrator. The risk is then paid-off with a price premium by
the end-user. This uneven risk sharing also motivates the system integrator to
pass on some of the risk by implicitly or explicitly excluding certain tasks from
the contract in order to bill them separately to the end-user. The high focus on
the system price as outlined before and the opacity of the overall life-cycle cost is
one of the main motivations for developing the cost-benefit assessment tool. The
cost-benefit tool increases the transparency of cost and risk for system integrator
and end-user. Therefore, it allows an interaction that is more aligned with the
actual interests of all stakeholders.

It has to be noted here that the model does not incorporate the indirect effects
associated with project risk which are often very relevant for the end-user. These
include for example the profitability loss due to decreased performance of the robot
system or the production loss due to delayed commissioning. These outcomes are
highly project specific and depend on the relation between system integrator and
end-user. Consequently, in reality the end-user also carries part of the risk in case
the project cannot reach the desired goal. However, also in this case a significant
part of the risk is on the side of the system integrator that usually will be obliged
to pay contractual penalties. Also, risks for the end-user associated with the
bankruptcy risk of the system integrator are not considered in the cost-benefit
model. The same applies for the perspective of the system integrator. E.g. the
bankruptcy risk of the end-user during the project is not accounted for in the
cost-benefit model.

7.1.3 Cost distribution for system realization

In a second analysis, the cost distribution for realizing the system is dissected
in more detail. In the following, the relative contribution of single tasks and
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investments in equipment to the overall system cost is analyzed. Figure 7.13
shows the cost distribution between the investment in hardware and the cost
caused by activities during the development phase of the robot system up to
the deployment and ramp-up of production, i.e. excluding operation of the robot
system. It becomes evident that for the welding robot a high portion of the cost for
realization of the robot system flows into the purchase of components. The share
of hardware cost of the overall cost for the realization of the robot system is 76%.
This figure is unusually high when compared to typical robot systems. For the
welding robot system, this is plausible as the robot system is highly standardized.
It can be tailored to customer needs with few order options. Furthermore, it is
not connected to an automated material flow. Hence, it can be deployed in many
different settings and companies without extensive engineering effort.

Figure 7.13 Distribution of cost between hardware cost and activity cost for the
GMAW use case.

Figure 7.14 shows the distribution of activity cost between the different life-cycle
phases during realization. The pie chart lists the relative percentage of cost caused
by activities in the phases concept and development, integration, commissioning
and ramp-up. As expected, the bulk of activity cost occurs during the integration
phase of the robot system. Also here, it can be seen that design and development
efforts are very low due to the low customization effort for this type of robot cell.
Also, there are no high costs for ramp-up in this type of robot system. The reason
is that programming is largely carried out by the end-user. Furthermore, due to
the lack of a material handling system, the run-in efforts are moderate.
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Figure 7.14 Distribution of cost between different life-cycle phases during design and
integration for the GMAW use case.

7.1.4 Task scheduling and project schedule

The cost-benefit assessment presented in this thesis relies on the capability of
the cost-benefit assessment tool to accurately schedule work tasks during system
realization and production usage. The project and usage schedule generated by
the cost-benefit assessment software provides another entry point for evaluation
of the cost-benefit model’s applicability. In the following, the scheduling of the
integration and production activities as introduced in Chapter 4.2.6 is analyzed.
Figure 7.15 shows the executed project tasks in an auto-generated project Gantt
chart.

Due to the resource-based scheduling, the cost-benefit assessment tool is capable
of scheduling activities in parallel where this is possible. The sequential order of
activities is kept where dependencies between activities exist or the same resource
is required by two activities. For example, the logical integration of components
is only carried out after they have been mechanically installed. The interfacing
of different components is carried out simultaneously as it is done by different
experts. The cost-benefit model accurately schedules integration milestones, i.e.
FAT and final acceptance testing. The predicted project schedule is in good
agreement with experience from similar projects. Hence, it can be concluded that
the cost-benefit assessment tool is capable of producing plausible project schedules
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7.2 Model results and discussion for the handling use case

for the realization of the robot system. Although these project schedules are not
suitable for project management and lack refinement in the details, they are useful
for the estimation of the cost and the project time frame.

7.2 Model results and discussion for the
handling use case

In the following, the model results for the handling use case, which has been
introduced in Chapter 3.1, are given. The parameter values used in the evaluation
of the handling use case can be found in the Appendix 4.2.

7.2.1 Amortization behavior

Figure 7.16 shows the overall amortization view for the handling use case. The
overall system is highly profitable. The break even is achieved after [104, 182]
days. The realization cost of the system is e [70 000, 110 000]. Compared to
the welding use case, the associated risk with the usage of the robot system is
significantly lower. This is the case because the hourly savings in work effort are
easier to quantify and independent of the produced quantity. The operation cost
of the robot system are almost negligible. Even though the estimated development
efforts are plausible, the estimated realization time of the robot system is very
low. This is in particular the case, because the cost-benefit model currently
does not include delivery times of components and time delays due to project
management. This fact becomes particularly obvious for a robot system with low
realization efforts as the one analyzed here.

Figure 7.17 shows the amortization view for the handling use case from the per-
spective of the system integrator and the end-user. With the assumed system
price of e 200 000, the amortization cost of the system integrator is clearly in the
profit zone. For the end-user, the break even for the investment in the system is
reached after [262, 342] days. The difference in the break even time for the overall
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Figure 7.16 Overall amortization view for the handling use case.

robot system and the end-user shows slight signs of overpricing. However, still
the robot system is highly profitable for the end-user. Again, the bulk of the real-
ization risk rests with the system integrator due to the fixed price arrangement.

Concluding, the cost-benefit tool produces reasonable forecasts for amortization,
efforts and cost distribution for the handling use case. The predicted efforts are in
line with experience from past projects. Considering how few information on the
actual application is supplied to the cost-benefit assessment software, this allows
an assessment of system cost and benefit in very early phases of the life-cycle. In
order to reflect more realistic realization times the delivery times of components
should be included in the future.

7.2.2 Cost distribution

The cost distribution between hardware investment and activity cost is shown in
Figure 7.18. The activity-cost makes up 23% of the realization cost. Compared
to typical robot system realization projects this figure is rather low. The high
percentage of the hardware cost of 77% stems from the fact that the robot work
cell does not require specialized integration tasks and does not require integration
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Figure 7.17 Amortization views of system integrator (top) and end-user (bottom) for
the handling use case.

into upstream or downstream processes. Only the integration with the existing
machine tool causes additional efforts.

Figure 7.19 shows the distribution of activity cost over the different life-cycle
phases. As expected, with 75% the bulk of the activity cost accrues during the
system integration. Here, many activities are required for installation and in-
terfacing of components. Concept and development activities causes the second
largest portion of activity-cost (16%). The cost for commissioning and ramp-up
is combined 9%. This cost is the smallest portion of activity cost, but by far not
negligible.

The cost distribution of the robot system is reasonable with a slight overestimation
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Figure 7.18 Cost distribution between hardware investment and activities for the
handling use case.

Figure 7.19 Distribution of cost between different life-cycle phases during design and
integration.

of hardware efforts. This might improve if more information from past projects
is provided to the database.

7.2.3 Project schedule

The generated project schedule for the handling use case is shown in Figure 7.20.
The project schedule is reasonable and is in alignment with experience from past
projects. The dependencies of different tasks are accurately reflected. The sched-
ule appears to be too ambitious compared to real projects as the system does not
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include additional buffer times and does not allow for delays, e.g. due to delayed
components delivery. Furthermore, it is expected that by improving the used
activity models and their data base, the quality of the model predictions can be
gradually improved.

7.3 Evaluation of the developed method for
cost-benefit assessment

The current implementation of the cost-benefit assessment software requires about
60 seconds to carry out the cost-benefit simulation. During this time, constant
user interaction is required in order to resolve ambiguities and to provide inform-
ation. The time is required to perform the matching of information in the local
AutomationML description and in the knowledge base. This time frame is accept-
able for integration of the cost-benefit assessment into many design processes in
the development life-cycle of the system. Figure 7.21 gives an overview of different
usage scenarios of the cost-benefit assessment tool throughout the development
life-cycle of the robot system.

The first usage scenario is in very early phases of the project. Directly after
ideation, the cost-benefit assessment software can be used to obtain a first cost-
benefit assessment based on incomplete information. This can be used for the
formalization of the project in the contract negotiations. The input in this phase is
the application type of the robot system. The cost-benefit assessment software can
complete a coarse system bill of material based on the required roles in the robot
system. This allows the cost-benefit assessment software to perform a preliminary
cost-benefit assessment based on rough work piece and production schedule data.
This assessment and its refinement in the concept phase (see below) can be used
to support the contract negotiations between system integrator and end-user. The
cost-benefit assessment software is capable of covering this usage step due to its
ability to complete missing information.

The second usage scenario is during the concept phase of the robot system. Here,
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Figure 7.21 Integration of the cost-benefit assessment into the development life-cycle
of the robot system.

the cost-benefit assessment software is used to evaluate different conceptual al-
ternatives of the robot system design. The input in this phase is a coarse bill
of material of the robot system specifying the contained component roles. Due
to role-based reasoning, it informs the design engineer about missing compon-
ents. Additionally, information on produced work pieces is used. The cost-benefit
assessment software allows to compare different fundamental system concepts in
order to make an informed decision on the system concept. It further facilitates
the targeted discussion of system integrator and end-user as it makes the advant-
ages and disadvantages of different robot system concept variants over the entire
life-cycle transparent. Due to the execution time of one to two minutes, the cost-
benefit assessment can easily be integrated into the iterative concept process.

The third possible usage scenario is the development phase of the robot system.
Here, the main focus of development for the cost-benefit assessment software lies
on concept design and development. Hence, these are the most important us-
age scenarios. In development, the input to the cost-benefit assessment is a bill
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of material of the robot system already specifying the components by manufac-
turer and type rather than only specifying their role. In the development phase,
the cost-benefit assessment software allows to compare different detailed design
solutions, for example the type of component that is chosen. Also here, the low
execution time permits rapid iterations.

Beyond the development, the cost-benefit assessment software produces informa-
tion that can be used for project monitoring during integration and commissioning
and post calculation after the robot system has been delivered. Here, the cost-
benefit assessment software is a source of data for the project monitoring. As
activity models can be deployed in different projects, the cost-benefit assessment
software builds on benchmark data that are more reliable than individual estim-
ates by project engineers.

As the cost-benefit assessment software utilizes AutomationML as data exchange
format, design information can easily be imported from and exported to design
tools. In practice, many design tools do not yet support the import and export
of AutomationML in their standard configuration. Often, the import and export
of AutomationML are experimental features. Furthermore, AutomationML al-
lows for different structures and the definition of specific semantic groundings.
As long as no common semantic grounding in form of a standardized role lib-
rary is available, universal compatibility can hardly be reached. However, as the
use of AutomationML spreads, this aspect is expected to be addressed by the
AutomatinoML consortium.
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Aiming at business-decision support for investments in highly flexible, SME-sui-
table robotic systems, a new approach to cost-benefit assessment has been presen-
ted. Primary concerns have been management and integration of knowledge from
different stakeholders, handling of technical and economic uncertainties, common
understanding, and protection of stakeholder-internal information.

The following findings are directly related to the contributions listed in Section 8.1,
and they also relate to future work according to Section 8.2, but these findings
are here expressed from an application and community point of view to form a
basis for the statement of the thesis:

1. The interests of system integrators and end-users in the realization of robot
systems are not well-aligned. To overcome this misalignment of interests,
accepted measures for the evaluation of robot systems over their entire life-
cycle need to be established by the robotics community.

2. Lack of awareness of risk distribution between system integrator and end-user
hampers proper risk management, resulting in unambitious robot systems
that harm the ability to react to technical and economic changes. Instead,
a new form of stakeholder collaboration needs to be established, based on
transparency of costs and benefits.

3. Established approaches in cost-benefit assessment lack integration with the
technical properties of robot systems and inadequately model the related
mechanisms for cost generation. There is a need for extending existing cost-
benefit assessment methods to obtain and utilize those properties, as required
for improved decision-making support.
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4. There is a lack of methodical approaches and underlying semantics for integ-
rating knowledge from different stakeholders in order to obtain the required
knowledge for cost-benefit assessment. In order to devise this semantics and
to establish it in the market, a multidisciplinary effort is required with in-
volvement from knowledge-engineering.

5. Apart from the technical aspect, the lack of knowledge integration also relates
to business aspects. In order to overcome this limitation, all stakeholders
need to contribute information to a shared knowledge base, even though the
current business models in robotics build on obscuring this information. This
can be achieved by providing mechanisms for knowledge management that
allow to selectively expose information to other stakeholders as is possible
with the architecture for knowledge management as also proposed here.

With the insight that technology developments need sound business prospects to
enable delivery of the promises to applications, and thereby for human benefit,
we can now conclude with the statement of this thesis:

Since investments in highly flexible SME-suitable robotic system are
needed for a sustainable impact on the combination of profitability, pro-
ductivity, maintained quality, manufacturing of customized products,
reuse/reconfiguration of equipment, and good working conditions, and
because cost-benefit for such flexible machines spans life-cycle phases
that extend beyond the established methods for profitability analysis,
the robotics community should form cross-disciplinary efforts for provid-
ing supported tools that facilitate the proposed vendor-neutral risk and
uncertainty-aware cost-benefit assessment.

Here, the robotics community refers to technology providers, system integrators,
end-users, and academia. Earlier chapters have shown the technical feasibility of
the proposed efforts, for which the following contributions are believed to form a
basis.
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8.1 Contributions

The following summarizes the contributions of this thesis, formulated as five major
results with sub-contributions itemized for three of them.

Formulation of the integration-aware cost-benefit problem. There is an
existing gap between economics and technologies for flexible robotized pro-
duction that is believed to not having been adequately addressed before. In
this respect, the problem statement as defined in this thesis is in itself a
contribution. It highlights the problem of market fragmentation and hence
knowledge fragmentation in the robotics sector, and pays attention to the lack
of analysis of inherent risks. While previously existing cost-benefit models
focus on the usage phase of production machinery, this work gives emphasis
to the system integration aspect.

A cost-benefit model for robot systems in SME-like production. The
cost-benefit model structure builds on aspects of ABC, LCC and the PPR-
approach. These approaches are combined and utilized in a new way. In
particular, the combination of the structure of business-economic models with
the level of detail of robotic engineering models is believed to be new. The
cost-benefit model comprises the following sub-contributions:

◦ It is proposed to extend the PPR-approach with an additional view cap-
turing accounting information and describing how actual costs are cre-
ated based on consumption of commodities and usage of resources. This
additional view is named cost-pool and the resulting approach is called
PPRC-approach.

◦ Models for cost and benefit relevant aspects for the applications of weld-
ing (GMAW) and handling are provided. These models describe cost
relevant aspects on product, process, resource and cost-pool level and
show that the different concerns of knowledge can be represented inde-
pendently from each other.
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◦ A method for scheduling of activities based on priority and availability
of required resources is given. This method for execution of the model
produces realistic work plans for integration of the robot system and its
usage in production.

◦ The cost-benefit assessment has been implemented and evaluated as a
reference implementation based on two real-world application scenarios.

◦ The developed cost-benefit model is believed to be one of the first models
in the domain of robotics to explicitly address the aspect of uncertainty
in computations.

Interval arithmetics for uncertainty analysis. In order to represent uncer-
tainty, interval arithmetics are used throughout the entire model. The use of
interval arithmetics in the model lead to the following sub-contributions:

◦ By reflecting best and worst case scenarios through interval computa-
tions, the risk associated with the automation project can be analyzed.
This increases the expressiveness of the cost-benefit model results when
compared to pure nominal computations.

◦ The use of interval numbers offers a representation of uncertainty that is
easily accessible for automation engineers, domain experts and managers.
It is therefore easily possible for a domain expert to provide input to the
model and understand the results including uncertainty.

◦ Interval numbers in capital expenditure budgeting, in particular in dy-
namic methods, have rarely been utilized. The specifics of discounting of
uncertain cash-flows described by interval numbers are introduced. The
problem of numeric overestimation is addressed by discounting uncertain
cash-flows unidirectionally in time.

An SME-suitable knowledge-management architecture. Knowledge man-
agement and reasoning based on knowledge in the cost-benefit model are
new concepts. The knowledge management was implemented and found
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to give plausible results for the evaluated applications. The relevant sub-
contributions in this respect are:

◦ The developed cost-benefit model strictly separates the concerns of the
different PPRC-levels and allows to represent knowledge on each of these
levels independently. This builds on the separation of concerns inherent
in the structure of the model, and it supports integration of knowledge
from different stakeholders (component manufacturer, system integrator
and end-user) that do not share internal information such as profit mar-
gins. This aspect of knowledge integration considering business aspects
has not been adequately addressed in earlier research.

◦ Another contribution is a reasoning technique that allows to match an in-
complete description of a particular robot work cell with a knowledge base
containing general information. The reasoning allows to rapidly build
application-specific cost-benefit models from generic building blocks, and
then to estimate missing information.

◦ The knowledge base used for reasoning rests on a semantic grounding
supplied by an ontology. This ontology is believed to be the first do-
main ontology specific for cost aspects in robotics and is an important
contribution of this thesis.

Risk-transparent decision support. The results of the cost-benefit model are
presented in so called amortization graphs that highlight the cost aspects of
the entire life-cycle of the robot system and the inherent uncertainty. This
amortization graph is believed to be a new and more expressive form of
presentation compared to traditional techniques in capital budgeting. The
amortization view can be generated for the different stakeholders separately
to reflect their view on costs and benefits. It allows to analyze the risk sharing
between system integrator and end-user, which in investigated cases shows
that a large portion of the realization risk rests with the system integrator.
The transparency of the risk sharing is inspiring from a research point of view,
in particular for research on future business models in machine building.
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8.2 Further research

This thesis showed the applicability of the cost-benefit model for two common and
transferable applications scenarios. An application to more scenarios and a strong
increase of the number of available activity models and the parameter base would
be beneficial and should be addressed in future research. This expansion in scope
would help to prove the scalability of the presented approach and the reusability
of knowledge in the knowledge base. The aim of this thesis is to establish a
general framework in which exchangeable activity models for different aspects of
systems engineering can be combined into an aggregated cost-benefit model. The
development of more elaborate activity models in terms of expressiveness and
refinement is subject to further work.

A standardization of the semantic grounding used in the RoboCost ontology and
the AutomationML role libraries would highly improve interchangeability of in-
formation in the engineering process of robot systems. This would not only facilit-
ate the cost-benefit assessment but generally improve data exchange in the design
of automation systems. Promising activities to establish an accepted semantic
grounding have already been initiated by the IEEE (Schlenoff et al., 2012) and
the Mechanical Engineering Industry Association (Heister et al., 2017). Finally,
methods for conciliating different semantic groundings will be necessary. The
scientific basis for this challenge requires further research.

The parameterization of activity models through a connection to industrial and
statistical data bases is expected to be a useful addition. For example, default
personnel cost for certain job functions might be drawn from statistics if no de-
tailed information is available. Through the use of SPARQL and the inherent
capability of SPARQL for federated queries, the integration of new information
sources is easily possible, if these data bases have semantic grounding. However,
in order to use this potential more semantically annotated data bases are re-
quired. Furthermore, simulation techniques should be considered to parameterize
activity models and to improve their expressiveness as well as their accuracy. For
example, activity models in the development phase of the robot system could use
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a simulation model of the robot system in order to estimate cycle times, energy
consumption and other performance criteria. This would improve the quality of
estimates in comparison to the coarse heuristics which are currently used. As
simulation models are updated and refined along the development life-cycle also
the accuracy of cost-benefit estimates would improve.

Further research might also address how complex dependencies inside the auto-
mation system can be handled. The developed cost-benefit model is currently
not capable of describing automation systems whose processes are interlinked in
a complex way. An example for this interlinking are robot systems with multiple
robots in one work cell that perform partially sequential and partially parallel
tasks. This can also be exemplified with the addressed handling use case where
the effect of the actual hand-over time of human and robot to the machine on the
achievable cycle time is not taken into account in the cost-benefit assessment.

As has been shown in this thesis, usually a high portion of the realization risk
of robot systems sides with the system integrator. The aspect of risk should
play a major role in research on future business models in machine building. For
example, through pay-per-use business models the end-user further hedges its
risks on the system integrator, because in addition to the realization risk also the
financial risk of operating the robot system is shifted to the system integrator.
It is questionable whether system integrators, which are often SMEs, are able to
bear this risk.

Last but not least current technical developments and trends in robotics, such as
for example plug and produce, automatic program planning and software-defined
manufacturing, point at a reduction of explicit integration tasks in robotics. It
is therefore a plausible future scenario that integration tasks, except equipment
installation, are completely eliminated. In fact, this would reduce the role of the
system integrator to a software vendor or equipment fitter and strengthen the role
of the component manufacturers. This development would make the cost-benefit
assessment much easier because estimation of integration efforts becomes easier
and integration efforts become less important. At the same time the reduction
of integration tasks will make the automatic assessment of robotic solutions more
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important because the mediating role of the system integrator no longer exists and
the end-user requires decision support in order to make automation decisions. The
role of knowledge-based cost-benefit assessment of robotic solutions is therefore
expected to increase in the future.
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Appendix

1 Requirements for the cost-benefit assessment
system

Subsequently, requirements for the cost-benefit assessment tool for robot systems
are derived from the problem statement and usage scenario for the costing system.
The requirements are given as overall system requirements and requirements for
the key research areas, i.e. the cost model, knowledge management, and life-cycle
integration.
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1.1 Overall requirements

In Table 1 the overall system requirements, spanning all of the core research areas,
are listed.

Table 1 Overall requirements for the cost-benefit assessment tool.

ID Requirement Comment

S1 The model shall incorporate the views
of system integrator and end-user.

System integrator vs. end-user have
fundamentally different views on the in-
vestment cost and how they are fin-
anced.

S2 The model shall be usable for execut-
ives from the robotics end-users and
system integrators without dedicated
knowledge in cost calculations of auto-
mation systems or statistics.

n/a

S3 The model shall allow to obtain a cost-
benefit estimate from an existing sys-
tem design in less than 10 minutes.

n/a

S4 The model shall indicate the related un-
certainty of the cost-benefit assessment.

The uncertainty in the cost-benefit as-
sessment conveys an understanding of
the associated project risk.

S5 The model shall compare the cost and
benefit of two or more system options
for the application.

The benefits of a certain robot sys-
tem solution can only be assessed with
respect to an alternative (see Sec-
tion 3.4.2)
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1.2 Requirements on cost model

The specific requirements for the cost model are listed in Table 2.

Table 2 Requirements for the cost model.

ID Requirement Comment

S6 The model shall cover all cost-relevant
life-cycle phases of the robot system.

Design decisions and system perform-
ance can only be assessed in the light
of the complete system life-cycle.

S7 The cost-benefit model shall be mod-
ular with respect to the used activity
models.

The ability to adapt and change single
activity models offers the possibility
to tailor the model for the specific
products, processes and resources of the
end-user.

S8 The inter-dependencies between differ-
ent life-cycle phases shall be contained
in the model.

Subsequent life-cycle phases shall use
the information provided by previous
life-cycle phases, e.g. system perform-
ance information is derived from the
system design.

S9 The model shall incorporate all activ-
ities required for the development and
use of the robot system.

Typically, cost items such as ramp-up
and training are not taken into ac-
count in cost models. The result are
faulty cost estimates neglecting import-
ant cost items.
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1.3 Requirements for knowledge management

The requirements for knowledge management in the cost-assessment tool are listed
in Table 3.

Table 3 Requirements for knowledge management in the cost assessment tool.

ID Requirement Comment

S10 The model shall integrate knowledge
from component suppliers, system in-
tegrator and end-user.

Required knowledge for cost-benefit
assessment in robotics is distributed
among different stakeholders.

S11 The cost-benefit system shall integ-
rate information from different stake-
holders into a consolidated picture
without making confidential informa-
tion available to competitors or nego-
tiation partners.

Information on price formation or in-
ternal cost of the project shall not be
visible to the end-user, while inform-
ation on competing bids shall not be
available to the competing system in-
tegrators.

S12 Missing information shall be estimated
from one or several knowledge repos-
itories utilizing direct associations, es-
timates from similar projects or com-
ponents and estimates based on the
semantic meaning of components and
activities.

The model shall have means to estim-
ate missing data and produce meaning-
ful estimates including an assessment of
the uncertainty of these estimates.

S13 The knowledge management system
shall be capable of resolving contradict-
ing information on cost items.

Prices and required efforts depend on a
large numbers of factors such as time,
customer, salaries and competence of
employees. This leads to conflicting
cost estimates in the knowledge repos-
itory that need to be resolved.

S14 It shall be possible for the expert using
the system to insert estimates of miss-
ing information.

For many cost items, an expert will be
capable of giving educated estimates of
upper and lower bounds for missing in-
formation.
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1.4 Integration into development life-cycle

The requirements on the integration of the cost-benefit assessment in the engin-
eering life-cycle are listed in Table 4.

Table 4 Requirements for the integration of the cost assessment tool in the develop-
ment life-cycle.

ID Requirement Comment

S15 It shall be able to import design inform-
ation of a robot system from common
PLM and CAX into the costing system.

Seamless data transfer helps to ensure a
tight integration of the cost estimation
into the design process.

S16 The costing system shall allow rough
cost-benefit assessments in very early
phases of the development life-cycle.

Application of the cost-benefit tool dur-
ing concept design, where few inform-
ation on the system setup is available,
shall be possible to obtain a first assess-
ment of economic feasibility.

S17 The system shall support contract ne-
gotiations for the end-user by making
life-cycle cost of different alternatives
transparent.

Consequences of alternate designs over
the life-cycle of the robot system are
today hard to assess for the end-user.

S18 The system shall be able to support the
contract negotiations for the system in-
tegrator by making the life-cycle costs
and risks transparent. Confidential in-
formation shall not be shared.

Cost-benefit arguments over the entire
life-cycle of the robot system might jus-
tifying a higher system price. The tool
shall establish cost transparency over
the entire life-cycle.

S19 The cost-benefit tool shall support
design decisions during detailed design
and use available design information to
produce an elaborate cost estimate.

n/a

S20 The cost-benefit tool shall allow post
calculation of the finalized system.

Using the cost model in post calculation
might allow new forms of cooperation
between end-user and system integrator
by awarding bonuses for improved life-
cycle performance.
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2 Developed AutomationML role library

Key concepts of the AutomationML role library are introduced in Table 5.

Table 5 The SMErobotics role library for AutomationML.

Role type Role subtype Role examples Comment
Software
roles

Planning, offline programming,
execution, configuration, cus-
tom programming

Roles relating to soft-
ware in robot systems

Safety
equipment
roles

Separating and non-separating
safety equipment, safety
sensors, safety controllers

Roles relating to safety
relevant parts that re-
quire a safety life-cycle

Peripheral
roles

Tool roles Welding tool, suction gripper,
claw gripper, sensor head, ma-
chining tool

Roles of robot end-
effectors

Material com-
missioning roles

Handover station, feeder, crate
supply bay, conveyor

Roles related to material
feeding

Fixture roles Universal fixture, welding
table, sheet metal fixture

Roles relating to fixing
of work piece during pro-
cessing

Automation
system
roles

Robot system, welding robot
system, machine tending robot
system, assembly robot system

Roles relating to the ro-
bot system as a whole

Automation
component
roles

Sensor roles Point-cloud sensor, triangula-
tion sensor, force sensor, posi-
tion switch

Roles of sensors in the ro-
bot cell

Process
peripherals

Welding power source, vacuum
pump

Roles related to peri-
pheral devices required
for the process

Mechanical
parts

End-effector structure, robot
support structure, cell frame

Roles related to part for
mechanical integrity

Manipulators Robot, work piece positioner Roles of robots and other
manipulators

End-effector
components

Welding torch, tool changer,
suction cup, machining spindle,
gripper module

Roles related to compon-
ents of the end-effector

Controller roles PLC, industrial PC Roles of controller hard-
ware

Auxiliary
components

Drive, motor, switch Roles of basic building
blocks for automation
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3 Details on product functions for
determination of design efforts

Table 6 Criteria for product complexity in the design phase.

ID Name Type Source Explanation
C1 Clocked

production
boolean Request

from user
Is the system part of a clocked production sys-
tem in which the tact of the entire system de-
pends on the robot system?

C2 IT-Chain
integration

boolean Request
from user

Is the robot system integrated into an IT-
chain for generating orders and robot pro-
grams involving robot programming?

C3 Interfacing
with
external
machines

boolean Request
from user

Does the robot system interact with additional
machinery, e.g. a machine tool which is fed by
the robot, that need to be integrated in the
control system?

C4 Supervisory
control

boolean Request
from user

Has the robot system to be integrated into a
supervisory control system such as a line PLC
or MES system?

C5 Number of
robots

Count Extract from
AML data

How many robots are installed in the robot
system?

C6 Number of
robot work
stations

Count Extracted
from AML
data

How many workstations for robots are in the
work cell? A work station is a fixture or feed-
ing station with which the robot interacts.

C7 Part
accessibility

boolean Request
from user

Are there portions of the work piece on which
the robot works that are hard to access, e.g.
because of narrow geometry or undercuts?

C8 Handling of
parts

boolean Request
from user

Does the robot interact with bulky parts or
with parts’ surfaces that are very sensitive?

C9 End-user boolean Request
from user

Is the user of the robot system a large com-
pany? Large companies typically have special-
ized processes that need to be followed and
generate overhead.

C10 Process
related risk

boolean Request
from user

Is the process known to be stable or do ques-
tions exist regarding the ability to automate
the process?
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Table 7 Criteria for product complexity of the end-effector.

ID Name Type Source Explanation
C11 Exact End-

effector
calibration

boolean Request
from user

Determine whether the end-effector of the ro-
bot system needs to be calibrated accurately,
i.e. with an absolute accuracy of better than
1 mm, internally or with respect to the robot,
e.g. for specific sensory functions.

C12 Sensory
capabilities

boolean Extract from
AML

Does the sensor possess advanced sensory cap-
abilities such as force-torque sensing, displace-
ment sensing, 3D-sensing, etc.?

C13 Mechanical
capabilities

boolean Request
from user

Does the end-effector possess advanced mech-
anical capabilities such as a floating mounting
to the robot, compensation element, etc.?

C14 Additional
axis

Count Extract from
AML info

Does the end-effector have additional axes
that need to be controlled?

C15 Tool
changer

boolean Extract from
AML

Does the end-effector have a tool changer?

C16 Solid
process
media

boolean Extract from
AML
description
and process
model

Does an installed process device or the process
itself require the supply of solid process media,
such as for example wire, powder, rivets?)

C17 Geometry-
based
gripping

boolean Request
from user

Does a gripper copy the shape of the work
piece in order to work?

C18 Part
stability

boolean Request
from user

Are the parts that are handled in the work cell
stable or is the final exact shape determined
by the gripper and gripping action?

C19 Surface
sensitivity

boolean Request
from user

Is the surface of the handled parts easy to be
damaged and requires special precautions to
avoid damaging of the surface?
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Table 8 Criteria for product complexity of fixtures and jigs.

ID Name Type Source Explanation
C20 Number of

parts
Count Extract from

AML
description

How many parts are joined by the fixture?

C21 Positioning boolean Request
from user

Is the fixture responsible for accurate position-
ing of the parts with respect to each other, i.e.
in the range of < 0.5 mm?

C22 Jigging boolean Request
from user

Does the fixture hold the exact part position
against influence of the process, e.g. deflec-
tion?

C23 Additional
axis

boolean Extract from
AML
description

Does the fixture possess an additional axis for
positioning of the entire fixture?

C24 Automatic
feeding

boolean Request
from user

Are the parts fed automatically to the fixture?

C25 Automatic
operation

boolean Request
from user

Is the fixture operated, i.e. opened and closed,
automatically?
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4 Parameters of the addressed use cases

In the following the parameters used for the cost-benefit assessment in the evalu-
ation chapter of this thesis (Chapter 7) are given.

4.1 Parameters of the GMAW use case

Table 9 shows the used parameters for the cost-benefit calculation of the GMAW
welding use case.

Table 9 Parameters for the cost-benefit calculation of the GMAW use case.

Property R
eg
ul
ar

O
ve
rp
ric

in
g

U
nd

er
pr
ic
in
g

H
ig
h
re
al
iz
at
io
n
ris

k

H
ig
h
us
ag

e
ris

k

Pr
oj
ec
t
ru
na

wa
y

Benchmark cost per hour (e) [0, 0]
Fixed cycle time no
System cost (e) 300 000 500 000 150 000 300 000
Initial payment 33%
FAT payment 33%

Excavator
bucket

Seam length (m) 20
Lot size 5
Relative volume 3
Benchmark cost
per piece (e)

[700, 800] [600, 900] [500, 600]

Packing
roller

Seam length (m) 3
Lot size 10
Relative volume 1
Benchmark cost
per piece (e)

[400, 500] [300, 600] [200, 300]
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4.2 Parameters of the handling use case

Table 10 gives an overview of the parameters used for the cost-benefit assessment
of the handling use case.

Table 10 Parameters for the cost-benefit calculation of the handling use case.
Property Value
Benchmark cost per hour (e) [45, 55]
Fixed cycle time yes
Cycle time (s) [55, 70]
System cost (e) 200 000
Initial payment 33%
FAT payment 33%

Shaft blank type 1

Mass (kg) 1
Maximum acceleration (m s−2) 10
Lot size 50
Relative volume 2
Transfer distance (m) 1.5
Number of points 9
Benchmark cost per piece (e) [0, 0]

Shaft blank type 2

Mass (kg) 0.5
Maximum acceleration (m s−2) 10
Lot size 50
Relative volume 1
Transfer distance (m) 1
Number of points 10
Benchmark cost per piece (e) [0, 0]
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Robot systems promise high potential for improvement of production 
processes in small and medium-sized enterprises (SME). Often, reliable data 
for the assessment of costs and benefits of robot systems is missing, because 
robot systems are special machinery and because the required information 
is distributed among component manufacturer, system integrator and end-
user. This thesis addresses the problem of cost-benefit assessment of 
industrial robot systems in the face of uncertain and incomplete information 
by combining methods from business economics and from knowledge 
management in robotics in a cost-benefit model. The resulting method 
allows efficient decision support in the planning and realization of SME-type 
robot systems. A test implementation is used to evaluate the method for 
two realistic use cases.
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