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Abstract

Cost estimation is necessary for comparing manufacturing systems. Because of simultaneous engineering this approximation should take place
in an early planning stage with uncertain information. However traditional calculation methods do not concern the possibility to use robot

systems in different scenarios along their life cycle.

Due to a high diversity of these systems, the costs can vary in a large range within an application. This paper introduces a cost estimation
method for robot systems in an early planning phase also regarding future scenarios. Therefore the presented methods for product cost

estimation are linked with a developed DMM (Domain Mapping Matrix).
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1. Introduction

Automation gets more and more important. Robots as one
possibility for flexible automation are gaining most attention,
because of the decreasing lot sizes and the increasing degree
of customization [1]. The benefit of robot systems concur with
the costs. The initial investment in such a system is much
higher than the costs for changes of the system for example to
use the robot for other applications. Therefore the costs along
the life cycle are more important for them than for other
investments, because the economy increases over years. [2]

Furthermore the planning of manufacturing systems is
shortened while simultaneous engineering is finding its way
into enterprises. This leads to a demand for cost estimation in
an early phase with only uncertain information available [3].
While such methods do not exist yet for robot systems, some
methods for the cost estimation of products are available.

This paper describes a method to estimate the life cycle
costs of robot systems based on the known methods for
products. At last the quantification of qualitative aspects is
important regarding robot systems and needs to be
incorporated into the method. The method itself is split into
three sections. First of all the estimation of investment is

introduced. Afterwards two qualitative aspects, complexity
and flexibility, are quantified to enable weight alternatives.
Finally, future developments like Plug & Produce need to be
taken into account, as they might change the life cycle.

Nomenclature

Q basic set

Um membership value to the set M

M fuzzy set

C degree of complexity

m multiplicity

d diversity

A ambiguity

t income tax rate (including other taxes)

Sn average number of part revisions in the nth year
C1 average cost required for alteration of tooling

n planning horizon in months

r minimum attractive rate of return

N project or product life

F; jth element of realizable flexibility

T number of flexibility elements

P fuzzy present worth

F fuzzy future worth
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2. Economics in robotics

The calculation of costs has been studied a long time.
There are several methods and models how to calculate costs
in an early planning stage. These models are clustered in
various groups regarding their basis method. Also for the
evaluation of flexible manufacturing systems methods exist.
These methods are often based on simulations and expert
knowledge is needed to use them. [4]

For cost models it is important that they are easy to use
with minimal inputs and provide understandable results. It is
also important to do a calculation over the whole life cycle in
an early planning stage. At last uncertainties have to be
considered. [5]

The method developed by the authors should observe all
these requirements to ease the calculation of costs and make it
useful for small and medium sized enterprises. This section
describes the basic elements of life cycle costing. Moreover
methods for quantifying qualitative aspects and for estimating
costs are explained.

2.1. Life cycle costing

Life cycle costs include the costs of products and systems
from the raw material to their recycling. [5] gave a review on
models for life cycle costing. They state that there is no
unique model that can be adopted to a specific use case.
Therefore universal models of different organisations like
VDMA or VDI have been built to calculate the life cycle
costs. [3] These models are meant to be matched and so they
are used in this paper.

The model published by [6] was made with the motivation
of creating a universal standard for the engineering and plant
engineering industry. Therefore the degree of standardization
and the possibility of expansion and adaption are high [7].
The model consist of three phases with different types of
costs: formation, usage and recycling. The formation mainly
includes costs for invest and start up, but also costs for
generating the needed infrastructure. The phase of usage is
characterized by the production process. This can be a value-
adding process like welding or an auxiliary process like
handling. Moreover personal cost, energy costs and
maintenance costs have influence on the costs of usage. The
costs in the recycling can include income from disposition and
costs from removal. [6, 8]

The costs during life cycle can be described in three levels
of detail. While in the first level of detail only the overall
costs of each phase are displayed, the third level is a detailed
calculation based on assembly groups. The middle level
includes specific cost elements for every phase that can be
considered, neglected or added. Fig.1 shows the cost
elements of the middle level. [8]

Based on the level of detail, a specific procedure is passed
through. An important step at the beginning is the
specification of the relevant cost elements. On the second and
third level the description of the use case follows. This
includes for example the production volume and the
availability of the machine. The period under consideration
starts with the acquisition and ends after a given useful life.

After collecting the data, the calculation of the costs is done.
To simplify this step, a constant distribution of the products
manufactured with the system is supposed. Finally the results
are validated and displayed. [8]
Cost of formation
Acquisition
Costs for infrastructure
Other cost for formation

Cost of operation
Maintenance
Reconditioning
Unscheduled reconditioning
Cost for space

Cost of utilization Cost for material
Removal

Residual value

Other cost of utilization

Cost for energy
Indirect cost

Disposal costs
Personal costs

Tool costs

Setup costs

Storage costs

Other cost of operation

Fig. 1. Cost element after [6].
2.2. Cost estimation

A fundamental element of cost management is a concurrent
calculation with an early detection of and influence on the
costs close to constructive decisions. Bases are the enterprise
specific calculation structures that enable a constant cost
comparison. For this reason quick calculation techniques
based on decision relevant parameters were developed. [3]

The greatest challenge within this calculation is the
incomplete database. Ideally the costs are known for specified
requirements [3]. Another problem is the different quality of
the given data. The accuracy of the data should be noted
within the calculation to estimate the risk during the planning
phase [9].

Before explaining a few methods for estimating the costs
in an early planning phase, important aspects need to be
considered. As this calculation is done with uncertain
information, the output is not as exact as for normal pre or
post calculation. For the comparison of different alternative
robot systems the quality has to be similar for all variants to
compare the systems in a proper way. Furthermore, the most
calculation methods are based on known input from earlier
projects. [3]

[3] devide the cost evaluation methods in an early planning
phase in:

e Cost estimation
Similarity calculation
Determination of the costs based on main parameters
Identification of the costs with equations
Short calculation with more influence values
e  Calculation with the help of cost growing rules

The procedures for short calculation with more influence
values, as used in this paper for the estimation of the
investment for robot systems, can be divided into the
development of calculation equations with regression
analysis, with optimization procedures, while using neural
networks or while using fuzzy logic. [3]

For robot systems the single components are influenced by
various parameters that partly interact. Also the information
about earlier investments in the existing components of robot
systems is available. Therefore the calculation equations
developed from the author are built with a regression analysis
for each component (group).
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2.3. Quantifying qualitative aspects

For robot systems two quantitative aspects are important to
evaluate — flexibility and complexity — because they represent
their possibilities and problems. Procedures that allow a
comparison based on quantitative and qualitative aspects are
called multi-criteria evaluation and decision procedures [10].
For the comparison of different robot systems only finitely
many solutions are given. Thus this paper focuses on Multi
Attribute Decision Making (MADM) methods [11].

One possibility to integrate qualitative aspects is using the
cost-benefit analysis or the Analytic Hierarchy Process
(AHP). This method summarizes the evaluation of different,
also weighted, factors to a utility value. The cost-benefit
analysis is easy to use and transparent [12]. But there is the
danger of mixing quantitative and qualitative aspects [12, 13].

Also for quantifying qualitative aspects neural networks
and fuzzy logic can be used. For neural networks input from
training is necessary. This data doesn’t exist in practice.
Therefore neural networks are not applicable for robot
systems. [15]

Fuzzy logic includes the fuzzy-set theory. This theory
allows a flowing or fuzzy affiliation of elements to a set [16].
Lately this theory, having its origin in control theory, finds its
way into production management [17]. Within fuzzy sets a
specific element can be a member of a set fully, only partially
or not at all [18]. This characteristic is given by a so called
membership function (eq.1). This function allocates a
membership value p to all elements of a basic set Q [19], with
U being a rate for the degree of membership [20].

2 > [0,1] )

A membership value of 1 expresses a full membership. A
membership value of 0 shows elements with no membership
to the set M [21]. Within fuzzy-set theory linguistic terms are
used to reproduce qualitative knowledge with all its fuzziness
and allow the integration in mathematical models [22]. Some
possible membership functions are shown in Fig. 2.
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Fig. 2. Possible membership functions after [15].

For further information on fuzzy set theory see [23] and
[24]

3. Method for estimating the costs of robot systems

This chapter explains the three main parts of the estimation
model for life cycle costs of robot systems: the assessment of
the investment, the evaluation of complexity and flexibility
and the consideration of future developments.

3.1. Estimating the investment

As stated in section 2.3 for the investment of robot systems
the influence parameters are analysed, checked for
correlations and finally a regression analysis identifies the
relation between the significant parameters and the
investment. This paper explains the procedure using the
example of the robot. The data is shown for two applications
(handling and welding) to see an influence of the application
on the investment. The difference may occur because of
special equipment, e.g. internal wires.

For robots the important characteristics are velocity,
accuracy, load, reach, application, number of axes, type of
kinematics. For a first examination only articulated robots
with 6 axes were analysed. Therefore number of axes and type
of Kkinematics aren’t necessary parameters. The velocity
depends on the process and the type of kinematics. Therefore
this parameter is also not important. The other characteristics
are now analysed regarding correlations.

The correlation diagrams (Fig. 4) show, that there is no
correlation between accuracy and another factor. Between
load and reach there can be a linear correlation. But the
significance of the correlation varies regarding the
application. The load shows no explicit correlation with the
price. Here a linear or a polynomial correlation is possible.
The reach shows a clear linear relation to the price. Therefore
the regression analysis is done for load and reach. The
correlation diagrams are shown in Fig. 4. The result of the
regression analysis can be seen in Fig. 3.
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Fig. 3. Price of robots and result of regression analysis.

The cost function for robots shows, that the procedure to
get them can be used for calculating the investment with less
information of the system. While the data for the analysis is
from one manufacturer, future work will compare the results
with other manufacturers. Also other kinematics and numbers
of axes should be added to the analysis to get a more precise
cost function. Finally this procedure is done for the most
common peripheral components to calculate the investment of
the robot systems without asking for quotations.

3.2. Evaluation of complexity and flexibility

To quantify complexity and flexibility straight forward
procedures were used. First of all complexity is defined by
Reis [25] with four parameters — diversity, multiplicity,
ambiguity and variability — whereas variability and sometimes
also multiplicity can be knowingly excluded. While
variability is considered in another aspect, it is chosen not to
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be part of the quantification of complexity in this method. The
other parameters are defined regarding robot systems as
follows:
- Multiplicity is the number of interfaces within the
robot cell and to the environment.
- Diversity is the number of kinds of interfaces. There
are five Kkinds: pneumatic, mechanic, hydraulic,
electric and informatics interfaces.

- Ambiguity is a factor between 1 and 5 describing the

required effort for developing the interface.

First, all components of the robot system have to be listed
to determine the multiplicity. To do so, the system has to be
broken down into its single components to examine the
connections and interfaces. After defining the multiplicity
diversity has to be described.

Fig. 4. Correlations between price, load, reach and accuracy.

At last ambiguity has to be considered. One possibility for
doing this is a classification in less complex to highly
complex based on the influence of the ‘Size Driver’
developed by [26]. A ’Size Driver’ contains system
requirements, number of main interfaces, criticality of
algorithms and number of use cases, in summary the
capabilities of the interface. Every ‘Size Driver’ can be
evaluated as easy (1), nominal (2) or difficult (3). Table 1 lists
the rate of ambiguity according to the evaluation of the ‘Size
Driver’.

Table 1. Evaluation of ambiguity.

Evaluation Size Driver
4

5/6

7/8

9/10

11/12

Ambiguity

a b ownN -

Thereby complexity can be calculated as the sum of
ambiguity over diversity and multiplicity (eq. 2).

C=Y"30 Ay 2

Flexibility is mostly defined as the ability to match a
system to changing requirements [27]. [28] differentiate
between 8 kinds of flexibility.

Flexibility regarding:

Machines
Processes
Products
Interruptions
Amount
Extensions
Cycle time
e  Production

Flexibility depends on response time, adaptation time and
modification effort. In this context reaction time is the time
from detecting the necessity for a change until deciding the
implementation. Adaptation time includes setup and
implementation time. Fig. 5 shows the parameters considered
while calculating flexibility. The marked area is indirectly
proportional to flexibility. Therefore high flexibility is the
result of short reaction and adaptation time with less amount
of necessary changes. [27, 29]

The versatile dimensions of flexibility prohibit a total
mathematical description and require expert knowledge,
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which is often fuzzy. Thus fuzzy set theory is used to describe
flexibility. [30]

[31] evaluate flexibility using fuzzy set theory based on
present worth analysis. Their results are shown in the
following section. According to [32] no changes in the
estimation of parameters, like the number of part revisions in
the n year (sn), occur. [31] define these parameters as
triangular fuzzy numbers s, = (Sno, Sn1, Sn2). The discount rate
during time n is rn = (rno, In1, fn2). The income tax rate t is a
fixed value. With this input the equation for the fuzzy present
worth of the flexibility for continuous improvement (PWoCl)
with no inflation is given in eq. 3. [31]

Fig. 5. Parameters for calculating flexibility after [27, 29].

N 1(a) l(a)
Sn
PWoCI = l(l ) n—r(a)
el I —1(1+r ®)

T(a) T(a)
(1-1t) Z
Hn _1(1+ l(“))]

sH® s the left side and s, ® the right side representation
(of the triangle of the membership function) of the average
number of parts revisions. c.® is the left side and c/* the
right side representation of the average cost required for
alteration in the nth year. The fuzzy flexibility value (FFV)
according to [32] is calculated considering also the triangular
fuzzy numbers stated by [31] with eq. 4.

FFV = ¥!_, PWoF; 4)

F; is the jth element of realizable flexibility and t the
number of flexibility elements. Combining this with the
formula for the membership function of [33] and [34] (eq. 5)
the fuzzy present worth of flexibility P,, eq. 6 [31], can be
built. For eq. 6 there is no inflationary condition.

fu(vB) = £GP+ fID) " ®)
Fi|B) = A= e Thoy IS A + fiIF)™  (6)

With eq. 6 the present worth can be calculated with the
knowledge of the number of part revisions, the discount rate
and the constant average costs for alteration. Also the
membership function has to be known. The next step for
describing flexibility is to investigate the correct form of the
triangular fuzzy set for robot systems and to ease the
calculation to make it more useful for the early planning
phase. If necessary inflation can be considered accordingly.

3.3. Consideration of future developments

The last part is the consideration of future developments.
Based on a research on current trends in robotics a Domain
Mapping Matrix (DMM) was set up. First of all a situation
analysis of robot systems was done. There are 3 stakeholder:
customer, integrator and producer. The centre of the model
are the costs. The values included in the DMM can be costs, a
stakeholders, future developments like Plug & Produce,
hardware components and characteristics of the system. Table
2 lists the values within their groups.

At first, some basic presumptions were made. There is no
market power of one manufacturer, so that he will not
increase its benefit and pass his savings to the customer. The
model considers learning effects which means that production
time and costs decrease over time. Enterprises that already use
robots normally invest in the same robot manufacturer and
robot type. The last presumption is that the variance of
products depends on the demand. Thus it is a pure active
element, that isn’t influenced by other parameters.

Table 2. Elements of DMM.

Customer/ Integrator/  Costs

Manufacturer

Amount in one system
Complexity of interfaces
Number of changes
Scheduled downtime
Commissioning/
Configuration time
Not-scheduled downtime

Robot/ Periphery

Development effort
Product variance
Potential Plug & Produce

Next, the single elements of the model are described.
Initial operation time means the time for setting up the robot
the first time. It includes physical set up, configuration and
programming. The time to reconnect is also called
reconfiguration time. There are two cases. First, the robot can
stay at its position and only the tools are changed. Second, the
robot moves to another site of operation. As setup and
reconfiguration time include the same tasks, they are grouped
to one value.

Downtime includes scheduled and non-scheduled time
elements. The scheduled downtime includes organisational
downtime and time for maintenance and its secondary
downtime. It is split into setup and reconfiguration time and
time for maintenance. The non-scheduled downtime consists
of every time regarding failures. The time elements are
evaluated for robots and peripheral components on their own.
Otherwise the change of single peripheral components and the
correlations between robot and other components cannot be
investigated. Peripheral components in this context include all
elements that have an active function.

The complexity of interfaces has to be evaluated for robot
and peripheral components separately because of possible
changes to only one peripheral component. There are also
connections between robot and peripheral components that
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have to be considered. The complexity as one qualitative
element can be described as shown in chapter 3.2.

Last but not least the potential of Plug & Produce is a pure
passive element which is influenced by other parameters. It
describes whether Plug & Produce has advantages compared
to normal robot systems. Parts of the developed influence
matrix are shown in Fig. 6.

The output of the research on future robotic applications is
a DMM that can be used for evaluating different scenarios
including qualitative aspects. With the model the influence of
a single aspect can be predicted and a risk analysis can be
done for different variants. This model completes the holistic
evaluation of robot systems.

Fig. 6. Part of the Domain Mapping Matrix for robot system.
4. Conclusion and outlook

Evaluating robot systems in an early planning stage is very
difficult. Therefore this paper introduces three parts of an
evaluation method. First, the real costs have to be estimated
over the whole product life cycle. For this step the influence
parameters are analysed and compared with correlation
diagrams. Afterwards, cost functions are built using
regression analysis. Here, further work will expand the
database to get more reliable cost functions. The second step
is the evaluation of qualitative aspects like flexibility and
complexity. This can be done with fuzzy theory and other
logic relations. For the fuzzy theory the fuzzy set has to be
investigated. At  last, future  developments like
Plug & Produce have to be considered as well. This can be
done using the developed DMM that can be further adopted to
different circumstances.
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