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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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1. Introduction 

In today´s companies, the production cost has a large impact 
on the company competitiveness, especially because of the 
globalized market with effective information flows. The 
production cost depends on multiple parameters and variables, 
where several of them are strongly cross-dependent on each 
other.  

This publication addresses production cost and Cost 
Performance Ratio (CPR). The CPR parameter aims to describe 
a cost for e.g. a cutting tool, workpiece material, machine units 
with respect to their performance and to the user value. The 
presented model, if applied to metal cutting, can identify 
production cases where the use of more expensive cutting tools 
may result in lower production costs. The same type of 
investigation can be made for machine units, where more 
expensive machines with better performance can result in lower 
total cost, as compared to less expensive machines with poorer 
performance. The above mentioned issues are essential when 
considering manufacturing location decisions and could also be 
used as a support regarding pricing of products. An example of 
that is related to a newly developed metal cutting tooling, where 

the price is related to its performance in comparison with other 
tools on the market.        

 

Nomenclature 

CPR     Cost Performance Ratio 
k           part cost 
K0         investment 
kA         tool costs 
kB         material costs 
kCP        hourly equipment costs running 
kCS        hourly equipment costs downtime 
kD         hourly personnel costs 
kRef       part cost in reference system 
kren       renovation costs 
MD      annual market demand 
N0        batch size 
nMU      number of parallel machine units 
nop        number of personnel connected to the process 
qB         material scrap 
qP         speed loss rate 
qQ        quality loss rate 
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qS         downtime rate 
t0          cycle time 
Tp         production time 
Tplan      planed and paid production 
Tsu        set-up time 
URP       production capacity utilisation (occupancy degree) 
κCPR      CPR index 
 

1.1. Background 

The complexity of a production system unfortunately often 
results in sub-optimisations, resulting in improvements made in 
one part of the system leading to increased cost in another part. 
The negative effects can often be related to different production 
process steps but also within the same processing step, for 
example cheap cutting tools resulting in longer cycle times.  

According to Askin and Subramanian [1] and later on 
Needly et al. [2], the selection and evaluation of systems and 
system configurations should be based on economic decisions. 
Rane et al. [3] state that when improving performance it is 
helpful to find and develop a relationship between parameters 
and their corresponding costs. Further Badiru [4] states that 
decisions based on multivariable analyses, generally are more 
reliable than decisions made on single factor analysis, 
suggesting that the decision support for production should 
involve several parameters and variables.  

According to the result from a survey presented in Brierley 
et al. [6] a majority of the companies partaking considered 
product cost very important or important for investment in new 
production processes respectively when deciding a product´s 
selling price.  

The presented model of Cost Performance Ratio (CPR) is a 
comprehensive economic investment assessment support based 
on technical production variables and parameters. This type of 
analysis strengthens the link between technology and economy 
thus giving a unique approach. The work is based primarily on 
a previously published generalistic breakdown production part 
cost-model [5].  

1.2. Goals and objectives of the CPR 

A CPR index can be used for evaluation of different 
alternative technical solutions using serval different 
parameters, as for example batch size N0, annual market 
demand MD, cycle time t0, tool cost kA, or workpiece material 
cost kB with a given producibility or distribution in 
producibility. The assessment could be relative or absolute in 
comparison with the current or previously used reference 
system and may include one or several processing steps. In the 
assessment, the part cost of different production systems could 
be presented as functions of different specific production 
parameters.  

When addressing the question of CPR calculation the 
aspects of company integration are a relevant issue. It concerns 
vertical, horizontal and cross-functional integration according 
to Fröberg et al. [7]. This can be exemplified with e.g. the 
relations between costs and performance for the factor groups 

(A) Tools, (B) Workpiece material, (C) Processes and 
equipment, (D) Personnel and organization, (E) Maintenance, 
(F) Quality assurance and specific factors, and (G) Peripherals, 
internal material handling and buffers. The relationship 
between factor groups A, B, and C are exemplified in Fig. 1. In 
Fig. 1 the process performance and capability are represented 
by three main parameters: quality rate losses qQ, downtime rate 
qS, and production pace/cycle time t0. In addition to these three 
main parameters, environmental and eco-cycle parameters are 
often used. These additional parameters describe an 
environmental load by production process with costs related to 
them in a direct or indirect way. Material scrap (material losses) 
in the production process qB, results in a material cost, often 
caused by factors in the factor group C.  

 

 

Fig. 1. Examples on relationships for the factor group A (a), B (b) and C (c) 
and the result parameters of quality rate losses qQ, downtime rate qS and cycle 

time t0.  
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The mathematical relations in Fig. 1, require independence 
between qQ, qS and t0, which rarely is the case. The error of not 
considering such interdependence is from our experience is less 
than 5 percent, for small changes in the result parameters. Lager 
errors may occur in the model in extreme cases for a distribution 
function, which is described in Ståhl [8]. With use of Monte-
Carlo simulations [8], known dependencies of e.g. production 
pace and quality losses can be handled.    

1.3. Delimitations 

This paper is only presenting a model for CPR and does not 
include any case studies. The model has been implemented 
twice in industry, first for value analysis of metal cutting tooling 
and second for production system evaluation. Due to 
confidentiality, none of the two implementations are presented 
here. Further research has to be conducted regarding error 
analyses and sensitivity analyses of the accuracy of the input 
parameters in the model.  

2. Breakdown part cost-model 

The cost-model used to estimate the CPR is a performance 
driven process-based breakdown part cost-model and was first 
published by Ståhl et al. [5] and further developed for 
simulations by Jönsson et al. [9]. During the last decade, the 
model have been used in over hundred research publications 
and master thesis, among others specialized for cost estimation 
of metal cutting. The equipment cost is based on annuity of 
equipment investments, floor area used, maintenance and 
repair cost, and energy cost. The equipment cost is divided on 
whether the equipment is running or in downtime. Equations 
for hourly equipment costs can be obtained in [5]. A simplified 
version of the model is presented in Eq. 1.  
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(1) 

The annual and demanded production time to produce MD 
number of parts is estimated with the use of Eq. 2. 

�� � ��� ∙ ��
�� � �� ∙ ��

�� � ����� � ����� � ��� (2) 

The utilization URP of the production system with regards to the 
reduced production can be estimated according to Eq. 3, using 
required number of parallel machine units, nMU. Where, the 
mathematical function ”trunc” gives the integer part of the 
current quota and Tplan is the planned production time.  

��� � ��
����� �� � ����� � ��

�������
 (3)

The required number of parallel machine units, nMU is estimated 
according to Eq. 4. 

��� � � � ����� � ��
������ (4)

3. The definition of a CRP 

As mentioned before, the CPR can be absolute or relative in 
comparison to a current or given reference system. Depending 
on the area of application, several different CPR versions can 
be formulated. The CRPs can be organized with respect to 
whether all costs in the cost equation are known (Category I) 
or the cost information is incomplete (Category II). The two 
categories can be described as follows:     

(I) The ratio between the estimated part cost of the reference 
system and the new system for evaluation gives CPR. The 
estimated ratio can be a function of one or several production 
parameter or variables. Interesting parameters could be yearly 
demand (MD) and batch size (N0).  

(II) The CPR is related to a reference system, where the ratio 
between the studied parameters for the reference system and 
the investigated system is calculated based on a cost neutral 
relation with respect to the estimated part cost. Different 
systems and configurations have different performance and 
capability related to the different factor groups and the CPR is 
used to find the maximal possible investment, giving an equal 
or lower part cost compared to the reference system. Examples 
of issues for respective factor group could be:  

A. What is the maximal cost of the new tooling 
system (kA)?  

B. What is the maximal cost of the new workpiece 
material (kB)? 

C. What is the maximum investment (K0) in the new 
equipment or the maximum hourly equipment 
cost (kC)?  

D. What is the maximum cost of an enhanced 
personnel and organization change (nopkD)? 

E. What is the maximum cost of a new maintenance 
strategy (kE)?  

F. What is the maximum cost of a new or altered 
quality assurance system (kF)? 

G. What is the maximum cost of handling system 
and buffer stock (kG) giving a lower or equal part 
cost compared to the reference system?  

In category I all costs are known. In the analysis, only costs 
directly related to a specific product or product group are 
included, overhead and indirect cost are excluded.  

The definition of a category I CPR can be estimated as: 

�������� � ��������
������ , (5) 
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where kRef is the part cost of the reference system and ki is the 
estimated part cost of the production system i = 1, 2,...N.  For 
values of κCPR > 1.0 a production system with a lower part cost 
is obtained and for values < 1.0 the opposite. In Eq. 5, the 
annual market demand (MD) has been used as an example of a 
parameter/variable. Other possible variables are technical life 
of equipment and the cost of capital.  

Fig. 2 presents the production cost of one reference system 
and three optional developments of the system resulting in 
different performance. In the current case, the hourly 
equipment cost kC differs between the system and correspond 
to from 1000 [SEK/h] for the reference system to 1500 [SEK/h] 
for system 2 and 3 because of the different required investment 
levels. In Fig. 3 the different input parameters are presented. In 
system 1 a slightly lower personnel cost is obtained due to 
different system configuration.   

 

 

Fig. 2. Example of the part cost [SEK/part] for a current reference system and 
three alternative developments of the production system, which results in 
different performance and production costs as a function of the batch size N0. 
In the example the system is considered to be fully occupied URP = 1.0.     

In the diagram in Fig. 2, it is seen that the reference system 
(red) is competitive when the batch size is smaller, N0 < 20.  
For batch sizes larger than 30, system 3 shows the best 
potential. It is also possible to make this conclusion from Fig. 3, 
where CPR (CPR) for these four system is presented. All values 
of the CPR above 1.0 correspond to a better alternative than the 
reference system, which in Fig. 3 is represented by the 
horizontal line. 

 
Fig. 3. Examples of CPR (CPR) of a current production system (Reference Sys.) 

and three alternative system developments, as function of the batch N0, using 
full occupancy, URP = 1.0. 

Important to notice is that the result from the investigation 
above is strongly dependent of the market demand and the 
efficiency improvements made on the system. Especially, if the 
improvements results in lowered cycle time (t0), thus affecting 
the occupancy degree of the equipment. It is also important to 
emphasise that there is a correlation between optimal economic 
order quantity (EOQ) and fluctuations in market demands.  

When selecting development options, assessment regarding 
set-up time (Tsu) and associated ramp-up costs (qS, qQ, qP) for 
respective batch have to be made in comparison to the reduced 
cycle time t0. To gain optimal processing time the batch size 
has to be regulated and to handle the variation in the market 
demand some stock leading to storage cost and tied capital is 
necessary.  

In category II all cost associated to the reference system are 
known. The reference system is preferably an established and 
currently used system that to some extent or overall is 
challenged by a new technology which is deemed as a potential 
solutions for cost efficiency. The CPR is then used to 
investigate cost neutral alternative within the factor groups A-
G according to above given list. If the obtained CPR value is 
larger than 1.0 the cost of the part produced in the alternative 
system is lower than in the reference system. If CPR<1.0 the 
reference system still is the best alternative from an economic 
perspective. Category II CPR is best suited for evaluation of 
smaller and specific changes in the system connected to one of 
the factor groups, for example purchase of cutting tools, 
workpiece material, cutting fluids, or peripheral equipment, 
etc.   

A general CPR for category II can be estimated according to 
Eq. 6. Where jCPR is the general CPR for one of the input 
parameters in the factor group j = A-G, and as a function of a 
parameter/variable z and for the new alternative system i.  

 (6) 

In general the cost related to a factor group j = A-G and a 
system i can be estimated as given in Eq. 7. In this case all costs 
related to the reference system (kRef) have to be known, such as 
the cost of the specific investigated factor group kj, which could 
e.g. be tool cost kA or equipment cost kC. The cost kji is 
dependent on the parameters/variables that control the part cost 
and hence include the performance according to equation 1.  

 (7) 

In Fig. 4, representation of kji is made with the use of kAi and 
kBi. The CPR according to Eq. 6 can be estimated from the 
values found in Fig. 4. 
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Fig. 4. Part cost [SEK/part] as a function of the neutral cutting tool (left) and 
work material (right) cost, where the production part cost for the reference 
system corresponds to kRef.   

4. Application and examples of use of CPR 

In this section, examples of application areas are presented. 
The first, related to category I CPR is a comparison of three 
new equipment concepts with a reference system. The last two 
examples are related to category II CPR, the first investigating 
the maximum cost neutral investments level of equipment with 
respect to performance and the second maximum cycle time in 
relation to the investment level K0. In all three cases, the 
reference system use well-established and known technologies. 

4.1. Example of a direct part cost related CPR of category I. 

The example concerns the mass production of an electrical 
needle in four diversified production systems, where one of the 
systems act as a reference. The reference system is in use today 
and is challenged by the three other alternative systems. The 
current study has been performed to find new possibilities for 
strengthened competitiveness on a global market.  

All investigated systems include several alike parallel 
machine units. Number of machine units (nMU) is dependent on 
cycle time (t0), annual planned production time (Tplan), losses 
(qi) and yearly demand (MD) of the actual product. This is 
exemplified in Fig. 5. In the assessment, no concern is given to 
the synergy effects of operation, neither maintenance is taken 
into consideration. In this concern, only system 2 is sensitive to 
such influence, as it involves only two machines to 
manufacture 20,000,0000 products on an annual basis.     

The reference system consists of older equipment with a 
relative long cycle time t0, while the maintenance and repair 
costs increase on a yearly basis as the equipment ages. In 
relation to the other more modern systems, the reference 
system has a low cost connected to the investment.      

 

Fig. 5. Number of machine units nMU required to satisfy a given yearly 
demand MD for each of the studied production system.  

System (1) is modernised version of the reference system. 
The cost related to needed investments is moderate and the 
cycle time relatively low, but not considerably lower than the 
reference system. However, the system have lower 
maintenance costs and better quality output.   

System (2) is made of specialized machines with extreme 
performance giving very low cycle time, while the cost of 
investment is high. This system will be very sensitive to the 
fluctuations in demand, which is illustrated in Fig. 7. The 
production cost will increase radically with low occupancy, 
which is illustrated in Fig. 8. Hence, when using full capacity 
(MD = 10.7106 products) the lowest production cost is 
achieved, including all systems investigated, illustrated in Fig. 
7.   

 

 

Fig. 6. The utilization rate URP for the studied system and as a function of 
assumed yearly demand MD.  

System (3) is composed of specialized machine units and is 
closest related to system (2). Both cycle time (t0) and 
investments (K0) are moderate.  

An important issue to arise is the capability to assess the 
yearly demand of the needle. In the study it was found that 
system (2) and (3) would be hard to occupy with other products 
if there was a decrease in demand, due to the direct 
specialization of this type of machinery. System (2) would be 
highly sensitive to reduced production, while system (3) better 
would cope with the decrease in demand.  

In Table 1, the nine most important parameters for each of 
the four systems are presented.  In total over 20 parameters and 
variables are included in the analysis based on the breakdown 
cost per part approach presented in Fig. 7 and Fig 8. 

There are three reasons for the discontinuously behaviour of 
the curves showed in the figures.  

1) When there is an increase in the demand, an additional 
equipment is required, thus giving higher capacity, yet 
resulting in a lower utilization rate. The phenomena is 
especially apparent in Fig. 6 and Fig. 7 for system (2) where 
the production cost doubles when a second machine unit is 
added and occupancy degree is reduced to half. With the 
increased number of machine units such effect will decrease 
with the increased demand.  
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Fig. 7. Example of estimated part cost ki [SEK], for the reference system (red) 
and the three new alternative production system 1 (blue), 2 (black), and 3 
(green) as a function of the yearly demand MD.  

 

Fig. 8. Examples of estimated CPR (CPR) for each of the studied systems, 
reference system (red), 1 (blue), 2 (black), and 3 (green) as a function of the 
yearly demand MD. 

Table 1. Important data for each of the system used in the analyses. 

Description Unit Ref. Sys 
(1) 

Sys 
(2) 

Sys 
(3) 

kren Renovation costs [-] 0.5 0.1 0.1 0.1 
Kph Dynamic costs per 

hour 
[SEK/h] 20 30 80 40 

qQ Quality losses, 
rejection rate 

[-] 0.06 0.03 0.03 0.03 

qB Material losses [-] 0.05 0.05 0.03 0.15 
qS Downtime, 

disturbances 
[-] 0.20 0.10 0.10 0.10 

K0 Investment/unit [MSEK] 0.20 1.5 10 2.5 
t0 Cycle time [s] 12 9 1.5 7 
nopkD Personnel costs [SEK/h] 280 280 280 280 
Tplan Working hours per 

year 
[h] 6100 5100 5100 5100 

 
2) Due to the needs of equipment renovation occurring after 

a certain number of production hours the cost of the equipment 
will also increase stepwise.   

3) The CPR is based on two discontinuous functions, and 
when they are divided with each other it results in an even more 
discontinuous function having higher frequency than the two 
functions involved. The increase in frequency of the function 
for the CPR can be observed in Fig. 8. The behaviour of the 
cost functions, when compared to Fig. 7, has higher frequency. 

4.2. Examples of performance and value-based analysis of 
category II CPR 

Assuming that the investment K0 from previous example are 
unknown, the maximum investment for each alternative can be 
put in relation to the cycle time of the system in question. The 
neutral part cost from the reference system gives 0.47 SEK/part 
at MD = 20,000,000 part/year, as exemplified in Fig. 9.  

  

 
Fig. 9.  The cost neutral investment level K0 [MSEK] in relation to the 
reference system (red) with respect to the performance to each of the systems, 
1 (blue, 2.8 MSEK), 2 (black, 11.5 MSEK), and 3 (green, 5.4 MSEK) for 
assumed yearly demand MD = 20,000,000 parts/year. 

 
In Fig. 10 the level of investment K0 is assumed as a fixed 

given value on which the cycle time resulting in a neutral cost 
in relation to the reference system is estimated. All cycle times 
lower than the cost neutral cycle time will result in a lower 
production part cost, than the one in reference system.   

In Fig. 11 the CPR (t0CPR) is a function of the cycle time t0. 
The values of CPR for each of the systems is given on the y-
axis, the horizontal line in the figure shows the CPR for each 
of the systems assumed t0. If the cycle times can be reduced, 
then the value of the CPR will increase and result in a lower 
part cost.   

 
Fig. 10.  The cost neutral cycle time t0 [s] in relation to the reference system 
(red) with respect to a given investment level for the studied production 
systems, 1 (blue, 12.05 s), 2 (black, 2.45 s), and 3 (green, 9.65 s) for assumed 
yearly demand MD = 20,000,000 parts/year.  
 

If the parameters and variables used for analysis of the 
production cost and the CPR are also affecting the production 
capacity, then the equipment utilization will also be affected 
similarly to the number of needed machine units nMU. This is 
exemplified in Fig. 12.   
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Fig. 11.  CPR (t0CPR) concerning the cycle time t0 [s] in relation to the reference 
system (red) for a given investment level K0 for the studied production systems 
with t0Ref = 12 s, System 1 (blue, 9 s), System 2 (black, 1.5 s), and System 3 
(green, 9 s) (vertical lines).  

 
Fig. 12.  Behaviour of the production capacity utilization URP and the number 
of used production units nMU as a function of the cycle time t0, for a given yearly 
demand MD.   
 

6. Discussion and conclusions 
A CPR is used to assess improvements in current production 

systems. It is done by comparing different alternative systems 
with the current one in use, but also for comparison of 
organizational solutions. The primary use is to assess 
alternative technologies and production systems with high 
complexity. The CPR creates the relationship between the 
performance and costs of alternative technologies to produce a 
given part or a product. This enables comparison of different 
scenarios based on their competitiveness. The CPR value above 
1.0 results in enhanced competitiveness in relation to the 
reference system. It is envisaged that a CPR, for conventional 
technologies, will be within the range 1.0-1.5, thus giving 
maximum 50 % improvements in regards to the production 
cost. Disruptive changes of technology could result in higher 
values of the CPR.    

Improvements can be applied to the entire system or 
delimited parts. In this paper two different categories of CPR 
have been identified: Category I, where all costs and 
performance are known, and Category II where a parameter has 
to meet specific demands in a given solution to result in 
enhanced competitiveness. This analysis can be made based on 
the defined factor groups A-G, which have a considerable 
influence on the production system performance and the related 
costs. 

As in many other contexts, it is essential that the input 
information to the models is reliable and correct [10]. This 
paper has identified the most important parameters for system 
evaluation, both for short and long-term perspectives. If the 
demand is large enough for one product to be produced in one 
system, resulting in no change over time, the improvements can 

be aimed towards shorter cycle times, reduced scarp rate, 
downtime, and quality losses. The yearly demand is affecting 
the number of changeovers in the system between products, but 
it is also indicates in how many years the investment can be 
divided on. The part cost is highly depended on yearly demand 
and number of year the parts have on the market, as it is the 
base on what investments and cost of renovation is dived on.   
This issue has a considerable uncertainty. Because the price, 
demand, quality, etc. are not deterministic entities [11], further 
research has to be conducted regarding error analyses and 
sensitivity analyses of the accuracy of the input parameters 
using with the use of statistical distributions.  

Based on the CPR, it is reasonable to assume that if there is 
a shortage in knowledge and documented experience of the 
company’s current production system, the company miss 
necessary references to evaluate performance of other systems. 
The concept of CPR and cost breakdown approach can also be 
applicable when making decision on production 
location/relocation and make or buy evaluations.  
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