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Abstract: Production planning for the replacement of conventional manufacturing systems by new automated process chains is a com-
plex activity particularly when it comes to choosing the right processes, materials and technologies. Nowadays those new process chains 
have to fulfil constraints such as low energy consumption and have to be resource-efficient and cost-efficient at the same time. The decision-
making process can be a difficult task for authorities especially when the uncertainty of the input parameter has to be taken into account, 
such as prices for electricity, raw materials and lot sizes. This paper proposes a new decision-making model based on multidimensional key 
performance indicators (KPIs) that represent an economic and environmental objective as well as a performance objective. 
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1. Introduction 
The Designing of hybrid lightweight structures are becoming 

increasingly more interesting in research and industry. New hybrid 
materials are developed, consisting of multiple materials like e.g. 
thermoplastic textile composite components made of plastic and 
glass fibre, for the realization of lightweight construction concepts 
and allow a significant weight reduction whilst still providing a high 
mechanical strength and functional density [1] and can lead to re-
duced operational costs. For example in the automobile sector the 
use of lightweight structures can lead to energy savings through 
weight reduction [2] and in return leads to less fuel consumption. 
Currently developments of those hybrid structures are limited to 
niche applications and require the need for innovative process 
chains, technologies, tools, and the use of hybrid materials.  

For accomplishing the goal for the construction of hybrid struc-
tures, new machines and tools are used, whereby basic technologies 
are “merged” together to realize new innovative merged process 
chains. By using those merged process chains in existing manufac-
turing facilities, the complexity of the whole manufacturing process 
can be reduced as well as it allows a resource and economic effi-
cient production and development. But the complexity in the plan-
ning phase of those new composite constructions leads to long de-
velopment times, high financially expenditure and detailed expert 
knowledge. 

In manufacturing chains with a wide variety of materials, ma-
chines, tools and production levels, evaluation and comparison of 
various alternative process chains only consider cost aspects [3] or 
allow only insight to the energy consumption of processes [4]. 
Rarely an overall evaluation of the ecological and economic factors 
is conducted. 

Choosing from multiple alternatives e.g. the best technology, 
tool and material is a difficult task for decision-makers, manufactur-
ing supervisors or production managers. Furthermore constraints 
like low energy consumption and resource efficiency are a basis for 
discussion in the present time and have to be observed taking ac-
count of a robust product. A multi-criteria decision-making 
(MCDM) support for economic and energy efficiency is essential 
and can help to drastically cut long development times and costs 
especially in the early phases of planning, especially when only a 
small amount of series of tests are carried out and therefore mini-
mum data is available. 

MCDM can be used to find the “best” alternative under all 
available options at the same time considering many, often conflict-
ing criteria and making assumption to different constraints. This 
paper illustrates a simple but effective approach to multi-attribute 
decision-making of automated process chains for planning and de-
velopment in the early phases of production.  

2. Methodology of MCDM Design 
The decision-making process can be divided into the following 

5 steps as depicted in Fig. 1: 

 
Fig. 1 General procedure of the multi-criteria decision analysis. 

The first step includes discussion of the current state, formulat-
ing the problem to solve and listing comparable process chains or 
single processes, examining available information (this raises issues 
about the extent of parameters, which can be measured, approxi-
mated or are available) and describing the objective that raising the 
question: What are the constraints and which goals have to be 
reached for choosing the best process chain? 

The next steps of this procedure model will be illustrated in the 
following sections. 

2.1 Model 

The decision matrix 𝑀 describes the performance of the alterna-
tives (as rows) with respect to selected criteria (as columns) and is 
defined as set 𝑀 = {𝐀,𝐂,𝐖}, where 𝐴𝑖 , 𝑖 = 1, … ,𝑛, denotes the 𝑖th 
process chain, 𝐂 = (𝑐𝑖𝑗), 𝑗 = 1, … ,𝑚, the attribute matrix, where 
every column formally represents a criterion, and 𝑤𝑗 (𝑗 = 1, … ,𝑚) 
the corresponding weights: 

(1) 𝐂 =

⎣
⎢
⎢
⎢
⎡
𝑐11 ⋯ 𝑐1𝑗 ⋯ 𝑐1𝑚
⋮ ⋱ ⋮ ⋱ ⋮
𝑐𝑖1 ⋯ 𝑐𝑖𝑗 ⋯ 𝑐𝑖𝑚
⋮ ⋱ ⋮ ⋱ ⋮
𝑐𝑛1 ⋯ 𝑐𝑛𝑗 ⋯ 𝑐𝑛𝑚⎦

⎥
⎥
⎥
⎤

,    with    𝑐∙𝑗  ↦ 𝑤𝑗  

 

The attributes represent the model values against which the al-
ternatives will be evaluated (cf. [5, p. 52]) and are partitioned in two 
levels with 𝑀 = 3 upper level criteria, representing the three indica-
tors 𝐼 (𝐼 = 1, . . ,𝑀), which we will describe shortly, and overall 
𝑚 = 12 lower level criteria (see section 2.2). Let 𝐿𝐼 be the set of the 
lower level criteria for the first indicator (𝐼 = 1), namely the eco-
nomic objective then 𝐿1 = {1,2,3,4}; the environmental objective 
with 𝐼 = 2 is formulated as 𝐿2 =  {5,6,7,8,9}, and the performance 
objective with 𝐼 = 3 is represented by 𝐿3 = {10,11,12}. The model 
values for the alternative 𝐴𝑖 can then be formulated as vector 
𝐴𝑖  =  {𝑐𝑖1, 𝑐𝑖2, 𝑐𝑖3, 𝑐𝑖4, 𝑐𝑖5, 𝑐𝑖6, 𝑐𝑖7, 𝑐𝑖8,𝑐𝑖9, 𝑐𝑖10, 𝑐𝑖11, 𝑐𝑖12} with the 
corresponding weights 𝑤𝑗 = {𝑤1, … ,𝑤12}.  

2.2 Model Values 

The model values are based on three different multidimensional 
key performance indicators (KPIs) as already mentioned above, 
which represent an (i) economic, (ii) environmental and 
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(iii) performance objective. The term indicator and upper level cri-
terion will be used as synonyms for KPI throughout the paper. The 
KPIs are calculated from real data of first series of tests or can be 
approximated. At the same moment they have the same function 
like constraints (see section 2.3). The criteria are arranged in two 
hierarchical levels with three upper level criteria (the KPIs) and 
overall 12 lower level criteria. An attribute is a property of an alter-
native to be evaluated. That means 𝐼 = 1 has four lower level crite-
ria, 𝐼 = 2 has five sub-criteria, and three other lower level criteria 
belonging to upper level criterion 𝐼 = 3. As mentioned before the 
attributes are evaluated against the alternatives, so that they are also 
called criteria, because of the one-to-one correspondence, concern-
ing the evaluation of an alternative. Table 1 shows the KPIs with 
their related sub-attributes, the unit of measurement, and the direc-
tion in which they should be optimized.  

Table 1: The criteria represented by the three KPIs are displayed and sub-
divided into their related attributes which form the corresponding KPI. The 
unit of measurement is listed as well. The direction of the optimization for 
the decision-making is displayed in the last column for every attribute. 
Component is abbreviated with comp. 

KPI Sub-attribute Unit Direction 
Economic  

 Production Overhead [€/Comp.] Min 
 Material Costs [€/Comp.] Min 
 Personnel Costs [€/Comp.] Min 
 Total Costs of Process 

Chain 
[€/Comp.] Min 

Environmental  
 Energy Costs [€/day] Min 
 Energy Costs [€/month] Min 
 Energy Costs [€/year] Min 
 CO2 Emissions [CO2 of kg 

/year] 
Min 

 % of Renewable E. [%] Max 
Performance  

 Production Volume [Comp./day] Max 
  [Comp./month] Max 
  [Comp./year] Max 

Even though the KPIs are formed by different attributes with 
different unit of measurements the strength of MCDM is shown 
here, because it can handle the hybrid nature of the unit of meas-
urements of various attributes. For example material costs is meas-
ured by euro per component, and production volume has the unit 
components per day. Also qualitative and quantitative attributes can 
be mixed. 

Suppose we have two process chains, 𝑄 and 𝐶, of length 𝑛 and 
𝑚, respectively, where 

(2) 𝑄 =  𝑞1, 𝑞2, … , 𝑞𝑛,  

(3) 𝑃 =  𝑝1, 𝑝2, … , 𝑝𝑚,  

 and 𝑞𝑖 and 𝑝𝑖 represent one process with their related machine, 
tool or material. The decision model is designed with its KPIs to 
compare different kind of process chains, no matter of what length 
they are or of which machines and tools they consist of. Each KPI is 
firstly calculated independently for every process in the chain be-
fore they get merged to one value as illustrated in (Fig. 2). That ap-
proach has the advantage that also numerous new features can be 
introduced into the model. Statistical values can be calculated (e.g. 
averages, standard deviations etc). For example this was done to 
introduce the attribute “total costs of the process chain” from the 
values personnel, material, and production overhead costs 
(Table 1). As next their calculation will be briefly discussed in this 
section. 

 
Fig. 2 Illustration of the calculation for the three KPIs. Every sub-attribute 
is computed separately for every process before they get merged 
(accumulated) together to represent the sub-attributes which build up the 
hierarchical structure to represent the specific KPI for the whole process 
chain. 

At first, boundary conditions have to be made, because they are 
necessary for the calculation. They include the following factors: 
(i) number of work shifts, (ii) working hours per shift [h], 
(iii) working days per year [d], (iv) pay rate for personnel [€/h],    
(v) material costs [€/unit], and (vi) energy costs [€/kWh]  

The first indicator and its sub-attributes are calculated through 
cost accounting like implemented in [3]. Important sub-attributes 
are production overhead, personnel costs and material costs, and 
the sum of all as value process chain costs (Table 1). All these val-
ues have the unit [€/component]. This has the advantage that the 
costs can be taken into causal consideration [3], this means that eve-
ry cost attribute is calculated separately for every process in one 
process chain and are accumulated to form this KPI with its sub-
attributes (Fig. 2). The values can be approximated or can come 
from accounting reports or other data sheets.  

The second indicator represents information such as energy 
costs and environmental issues like the percentage of use of renew-
able energy sources. The values can be actually measured or can 
come from data sheets from machines or tools. In early stages of 
production planning only the energy consumption may be available 
so that for every process the energy costs could be calculated and 
then accumulated in the end for the whole process chain: 

(4) 𝐸 = 𝐸1 + 𝐸2 + 𝐸3 + ⋯+ 𝐸𝑝.  

Here 𝐸1 formally represents the sub-attribute energy costs of the 
environmental objective (Table 1) for process1 of the process chain 
𝐴𝑖 (Fig. 2). In the end every sub-attribute is accumulated for one 
process chain to get an overall value for the alternative. This is done 
for energy costs in all three unit of measurements 
(days/month/year). 

The performance is measured through the third indicator. It is 
subdivided into production volume and is covered in three units of 
measurements (Table 1). The production volume per day can come 
from first test series or can be approximated if the cycle time for 
every process is available. The production volume per day, month 
and year can also be calculated roughly with the global assump-
tions. For every process the sub-attributes are calculated separately 
and accumulated in the end to get a value for the whole alternative. 

2.3 Prioritizing the KPIs by Weighting 

Weighting is an important and essential issue in this process be-
cause it reflects the preferences of a decision-maker and depends on 
different factors [6, 7]. For example production managers tend to 
rate technical and economic criterion and profitability higher than 
environmental issues like energy, fuel or gas consumption or the 
use of renewable energy sources, whereas operators of industrial 
robots might rate security at the working place and personnel loan 
higher than production volume. Through the different subjective 
perception of those authorities and operators the importance of 
those factors is different. 

The preference (importance) of one attribute in comparison to 
another is modeled through weights. For each attribute 𝑐∙𝑗 a weight 
𝑤𝑗  is assigned independently from one alternative as described ear-
lier in section 2.1. The weights are standardized to 0 at the most un-
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important and to 1 at the most preferred. Assigning weights to at-
tributes is a way to prioritize the criteria that are considered the 
most important for decision makers or stakeholders. Let 𝑊𝐼 the 
weight for the indicator 𝐼 than for every low level criterion a weight 
𝑤𝑗  is assigned, so that they sum up to 𝑊𝐼: 

(5) ∑ 𝑤𝑗𝑗 ∈ 𝐿𝐼 = 𝑊𝐼 ,  with  0 ≤ 𝑊𝐼 ≤ 1,∑ 𝑊𝐼 ≤ M𝑀
𝐼=1 .  

The weights of all indicators can add up to 3 (see constraint in 
Eq. (5)) and each KPI must have a value in the interval [0,1]. The 
low level criteria 𝑐∙𝑗 , 𝑗 ∈  𝐿𝐼 are dependent of the weight from their 
parent indicator 𝐼. The weights of each group of indicator 𝐼 add up 
to 𝑊𝐼. The assignment of the weights is independent from the alter-
natives, however; they relate to the attributes in general and not to a 
specific value.  

2.4 Assessment 

To ensure that the calculated criteria are comparable the attrib-
ute matrix 𝐂 is normalized between the interval [0,1] with the min-
max-normalization rule [8]. Even if MCDM methods are suited 
dealing with large scales and the hybrid nature of attributes, works 
like [9] showed that normalization of all attributes may change the 
outcome and lead to a different assessment. If extreme values are 
present in the data set one attribute may get prioritized, but with 
scaling the assessment is not shifted towards possible outliers. 

We use the value measurement approach to produce a prefer-
ence order among all alternative (cf. [5, p. 85]). For that the utility 
(value) function 𝑈(∙) is formulated and associated with an alterna-
tive in such a way that an alternative is represented as a value. If 𝐴𝑖 
is preferred over 𝐴𝑖+1 then 𝑈(𝐴𝑖) >  U(𝐴𝑖+1), if both alternatives 
are indifferent then 𝑈(𝐴𝑖) =  U(𝐴𝑖+1). To calculate the utility (or 
use value) of an alternative 𝐴𝑖, weighted additive aggregation is 
used that takes the level hierarchy into account (cf. [5, 6, 9]): 

(6) 𝑈(𝐴𝑖) = ∑ 𝑊𝐼 ∗ ∑ 𝑤𝑗𝑗 ∈ 𝐿𝐼 ∗ 𝑐𝑖𝑗𝑀
𝐼=1 .  

Where: 
𝑈 −  is the overall “score” (utility) for the alternative 𝐴𝑖,  
𝑊𝐼 − is the weight for the upper level criterion 𝐼 (the 𝐼th KPI),  
𝑐𝑖𝑗 − is the normalized attribute 𝑗 for the alternative 𝐴𝑖,   
𝑤𝑗 − is the weight corresponding to the attribute 𝑗 in the attribute 
matrix 𝐶, and     
𝐿𝐼 − is the set of indices that represent all attributes for the indica-
tor 𝐼.  

We propose the new function 𝑈�(∙) by using the basic utility 
function in Eq. (6) to turn the results in the positive direction, and 
extending the function with the parameter 𝜃: 

(7) 𝑈�(𝐴𝑖 ,𝜃) = 2 ∗ s �1 − 𝑈(𝐴𝑖)
𝜃
�
−1

 , with 
𝑠(𝑥) = (1 + exp�−𝑎 (𝑥 − 𝑏)�)−1. 

 

The function allows an optimal representation of the results. 
The use values will not be negative when evaluating the perfor-
mance of the alternatives: The higher the value the better the alter-
native performs compared to the others. The factor 𝜃 represents the 
“strength of effect” or “uncertainty” of the result and is a positive 
value (𝜃 > 0). The new utility function in Eq. (7) has the following 
property 

(8) lim𝜃→∞ 𝑈�(𝐴𝑖 ,𝜃) = 1, if 𝑎 = 𝑏 = 1.  

The parameter can be varied to well-mark the difference of the 
evaluated alternatives. The higher the value 𝜃 the smaller the gaps 
between the results and the more difficult the decision will be. If 𝜃 
becomes extremely large then all alternatives will not be discrimi-
nable, because the output will be one. The decision-maker can use 
this knowledge if there is a high uncertainty in the future. The value 
can be set smaller if more series of test are conducted and set higher 
if only rough approximations are available or the values are expec-
tations. An optimization of the parameter is a research base in an-

other paper based on the current available information and the pro-
gress of the production planning. 

With Eq. (7) the final assessment is then conducted with the 
maximum rule 

(9) max𝑖=1,…,𝑛𝑈�(𝐴𝑖 ,𝜃),  

which states that the alternative process chain 𝐴𝑖 with the high-
est utility value is chosen. It is important here to note that the alter-
native with the largest value will be selected as the “best” choice for 
the decision. That means that e.g. high production volumes will be 
favored as well as high production costs. If criteria like costs or en-
ergy consumption should be minimized it is necessary to mark those 
values in the attribute matrix 𝐂 (see Eq. (1)) as negative ones (Table 
1).1  

3 Discussion 
To get insight of the effects of the model the following analyses 

were conducted and afterwards discussed. This helps the decision-
maker to understand how the model behaves in a changed environ-
ment. For the example three random artificial alternatives are gen-
erated with the following relationships: 

a) (𝐶1 ≥ 𝐶2)  ∧ (𝐶2 > 𝐶3) 

b) (𝐸1 ≤  𝐸2)  ∧  (𝐸2 ≪ 𝐸3) 

c) (𝑃1 < 𝑃2)  ∧ (𝑃3 ↔  2 𝑃2) 

The expressions of the cost (C), energy (E) and performance (P) 
among the alternatives can be interpreted as follows: a) The costs of 
𝐴1 are greater or equal than 𝐴2, but nearly the same, where 𝐴3 has 
the lowest costs for the production; b) Both 𝐴1 and 𝐴2 have much 
lower energy consumption than 𝐴3, but 𝐴1 consumes less energy 
than 𝐴2; c) 𝐴1 has the lowest production volume and 𝐴3 produces 
twice as much than 𝐴2. The relationships are intentionally simpli-
fied for a easier understanding of the results of the model. 

3.1 Uni-Criterion Analysis 

To begin the analysis of the model we ran a “uni-criterion” 
analysis to have an overview of the technical performance of each 
alternative for each criterion independently to measure the influence 
of the weights. This was done using Eq. (7), by steadily increasing 
the weight of the selected criterion 𝑊𝐼(𝐼 = 1, . . ,𝑀) by 0.1 begin-
ning from 0 to 1 and settings the weights of all other KPIs to zero 
with 𝑊𝐾  (𝐾 ≠  𝐼). That is done for all three KPIs separately to pri-
oritize each indicator once. The results are presented in Fig. 3. 

 
Fig. 3 Representation of the variation of the outcomes if the importance of 
the KPIs is changing. 

If only the economic objective is considered then 𝐴3 is always 
the best option. But an outlier from 𝐴1 can be seen that performed 
nearly as well as the results around the median from 𝐴3. That hap-
pened if low weights like 0.1 were used (that means no importance 
for that indicator). For the environmental objective one can say that 
𝐴1 and 𝐴2 are the best options. Changing the weighting has no sig-
nificant influence at the outcome for both (the variation in the data 
is small). Only for 𝐴3 a high variation in the data can be seen. The 

1 Alternatively it is possible to use the minimize function in Eq. (9) in-
stead so that only the attributes of the performance indicator has to be nega-
tive. 

SCIENTIFIC PROCEEDINGS XI INTERNATIONAL CONGRESS "MACHINES, TECHNOLОGIES, MATERIALS" 2014 ISSN 1310-3946

YEAR XXII, VOLUME 4, P.P. 31-34 (2014)33

http://www.dict.cc/englisch-deutsch/prioritizes.html


outliers from 𝐴3 were created due to using a low weight like 0.1 
which means that the KPI should be considered unimportant—
through that fact a suboptimal alternative can perform as well as 
another in terms of a KPI if it is not considered important. If only 
the performance indicator is regarded then 𝐴3 clearly is the best 
option between the other alternatives. Because 𝐴1 and 𝐴2 have the 
worst production volumes (see expression c) above) the weighting 
has not much influence on both. As explained before the same ap-
plies here: A low weight like 0.1 creates an outlier for 𝐴3, which 
means that even the other two alternatives perform similar although 
𝐴3 has the highest production volume. 

The results from the “uni-criterion” analysis were averaged for 
every alternative and depicted in Fig. 4. 

It can be seen that the model correctly interprets the relation be-
tween the three alternatives. Disadvantages from alternatives can be 
compensated through low weights and may also lead to false con-
clusions. 

3.2 Considering the Strength of Effect 

In next analysis a variation of the factor 𝜃 was introduced and 
analyzed, where a neutral weight distribution of one was used for 
every KPI. Fig. 5 shows therefore a visual comparison of various 
values. In this case 𝜃 is set to 𝜃 = {0.1, 0.5, 1, 4}. It can be seen that 
the higher the value the greater the differences between the three 
alternatives are. In early stages of production it is useful to set this 
factor greater or equal one. This can be used as a risk factor to avoid 
false decisions. In the case for 𝜃 = 0.1 the results of the three alter-
natives are very wide apart (Fig. 5, left plot). The more precise data 
is available and the more progress in the manufacturing planning is 
made the lower this factor can be set to be more certain with the 
decision. For 𝜃 = 4 the outcomes are nearly the same (Fig. 5, right 
plot). It is up to the authority to determine the best value and will be 
discussed in further research.  

 
Fig. 5 Variation of the factor 𝜽𝜽 (“strength of effect”) to illustrate the 
influence on the decision. 

 

The evaluation of usefulness of an assessment depends on con-
text and requires critical judgment of production manager and deci-
sion-makers. The assessment can only evaluate the current state of 
the environmental factors. Normally there is a high uncertainty in 
the future for factors like energy prices, new technologies, material 
or infrastructure, laws etc. that may heavily change the outcome. 

4 Conclusions 
In this paper a prototype of a new decision-making model is 

proposed that can be used in the early stages of planning and pro-
duction for new manufacturing chains. For the assessment three 
base KPIs with a hierarchical attribute structure were determined to 

represent an economic, environmental and a performance objective. 
A modified additive weighting aggregation approach from the clas-
sical value measurement theory was used in combination with addi-
tional factors that can be parameterized to change to outcome which 
is not common yet in literature.  

It can be updated if new information are available and can then 
be compared to the previous assessments to evaluate the improve-
ment. Furthermore the global boundaries can be changed to create 
“scenarios” like increasing production volume or energy prices. 
Maybe an alternative is favorable if the global boundaries are dif-
ferent. 

Further work is dedicated to the integration of more environ-
mental factors (e.g. carbon-footprint) and extending the perfor-
mance objective by adding methods from data envelopment analysis 
(DEA). Additionally the goal is to provide simulation capabilities in 
the model and adding support for conducting multiple decisions at 
the same time and aggregating the results in an appropriate form. 
Decision-making under uncertainty will be further considered in the 
model as well. It is proposed to add an error term 𝜖 to the model, 
where 𝜖 reflects the uncertainty of the future assumed inde-
pendently and normally distributed with 𝜖~𝑁(0,𝜎𝜖2). 
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Fig. 4 Average results in each group for every alternative if different 
weights are used in the “uni-criterion” analysis. Only one objective is 
considered at a time by setting the weights of the other objectives to zero. 
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