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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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Abstract 

The final assembly of vehicles is frequently designed as a mixed model line which produces effectively at a fixed ratio of variants. Market 
forecasts indicate a volatile future demand for different types of vehicles such as electrified vehicles. The resulting uncertainty of demand affects 
the task of line balancing assembly lines. This paper presents a new planning method to provide decision support for line balancing with inherent 
variant flexibility while maintaining feasibility robustness. Therefore a combined approach of scenario analyses and line balancing optimization 
is developed. This approach is applied to a use case in automotive industry. 
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1. Introduction  

The steady growth of product variants in automotive 
industry has become a challenge for automotive companies [1]. 
This trend is additionally driven by the expanding amount of 
electric variants [2; 3]. Especially in the premium segment, the 
amount of variants increases rapidly due to additional car 
architectures and equipment [4]. As a result of this demand for 
individualized products [5], hardly two completely identical 
cars are produced. In order to maximize the efficiency of car 
assembly under these circumstances, assembly lines thus have 
to be designed with respect to various product variants.  

Line balancing is carried out in an early planning phase, 
whereby the underlying information on future variant demands 
is subject to uncertainty. Uncertainty in demand quantity can 
be faced by adjusting shift and working hours models [6] while 
uncertainty regarding model mix shares and optional 
equipment directly affects the design of the assembly system as 
assembly times and assembly equipment depend on a specific 
product variant [7]. 

The objective of car assembly is the production of the 
planning period’s entire production program. If the actual 
production program does not correspond to the production 
program on the basis of which the line balancing planning was 
carried out, takt time violations may occur. In order to 
counteract this risk, vehicle assembly can be designed to be 
changeable, making it easier to adapt the line balancing 
according to changes in demand [8]. In order to avoid these 
subsequent adaptations, the system can be designed to be 
robust against a defined amount of fluctuations in the product 
mix [9]. As a result of robust planning, cost advantages 
especially in volatile markets can be obtained, since subsequent 
changes to the line balancing require relatively high financial 
efforts [10]. 

FISEL developed an approach to design cost-efficient line 
balancing configurations of a variant flow production line 
depending on potential model mix scenarios [11]. Hereto, a 
multi-criteria optimization is applied. The objectives comprise 
minimizing the cost of a greenfield line balancing 
configuration, minimizing scenario-dependent change costs 
and maximizing the robustness of the line balancing regarding 
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volatility within the variant mix. This approach allows to model 
the trade-off between cost, changeability and robustness of line 
balancing and therefore supports decision making. The 
presented approach describes the robustness of the line 
balancing within this overall approach. If a decision-maker 
focuses on the robustness of an assembly line's balancing, the 
presented objective function has to be weighted comparatively 
strongly in the overall approach. 

Therefore, an approach for increased robustness in multi 
variant line balancing problems is presented. In order to depict 
uncertainty of future demand, the share of product variants is 
represented by stochastic input parameters. These parameters 
are derived from a structured analysis of model-mix scenarios, 
which then determines the requirement for system immanent 
robustness. By solving a line balancing optimization problem 
using these stochastic input parameters, a robust line balancing 
configuration can be obtained. The paper closes with a case 
study showing robust line balancing for a compact class 
vehicle. 

2. Robustness in line balancing 

The planning of variant flow production in the automotive 
industry can be divided into three phases: line balancing, 
production program planning and sequencing (Fig. 1) [12]. 

 

Fig. 1. Steps of assembly line planning [12] 

The core task of assembly line balancing is the assignment 
of assembly tasks and their required resources to one station of 
the assembly line. Usual objectives are the minimization of the 
necessary workstations or the takt time [13]. This basic 
problem is referred to as the Simple Assembly Line Balancing 
Problem (SALBP) [14]. The subsequent planning of the 
production program assigns a rough production date to the 
customers' orders in the planning period [15]. Based on this, the 
customers' orders of the planning period are transferred into a 
production sequence [12].  

A valid solution to the line balancing problem is 
characterized by the following properties: The elementary 
assembly steps are assigned to exactly one assembly station. 
The precedence constraints are fulfilled. The average assembly 
times at each station do not exceed the takt time [7]. 

If these properties are expanded by the application of 
additional constraints, the research area is extended to the 
General Assembly Line Balancing Problem (GALBP) [16]. 
This includes extensions to the core problem, e. g. the assembly 
of several products [16; 17], parallel stations [12] or dynamic 
[18; 19] and stochastic process times [20]. 

Changing basic conditions such as changes in the product 
mix of the production program have a disturbing effect on the 

assembly system, as the design was based on different 
premises. Problems such as a reduction of the output quantity 
may result from this conflict [9]. In order to avoid this, the line 
balancing can be designed robustly. 

HAZIR & DOLGUI define the robustness of assembly lines as 
„the insensivity of line performance with respect to 
disruptions” [9]. This is in line with the feasibility robustness 
described by Scholl, which evaluates to what extent the 
calculated plan is feasible for each possible scenario [21]. 
Within the context of the present work, a solution is considered 
valid if a valid plan for processing the production program can 
be found by means of a sequencing algorithm. 

In order to achieve complete feasibility robustness with 
regard to changes in the model mix of the production program, 
it is necessary to avoid overloading of the line balancing, e. g. 
by adding a buffer to the average assembly time [12]. This 
means that the assembly time of a station cannot be exceeded 
for any combination of variants in the production program, but 
this can also lead to an increase in the number of assembly 
stations required. In contrast, the design of the line balancing 
for the proportionately weighted variant average depends on 
the forecast quality of the future model mix [22]. Due to the 
reduced number of assembly stations this may result in reduced 
feasibility robustness. In the automotive industry, line 
balancing is often conducted on the basis of the average variant 
[22; 23]. 

Within the present paper, an objective is to provide decision 
support for this trade-off from the lowest possible cost for the 
assembly system which are determined by the amount of 
assembly stations and the highest possible feasibility 
robustness. The presented method therefore provides solutions 
to this trade-off. 

3. Method for feasibility robust line balancing 

The following information must be held available before 
executing the method: In order to set up model mix scenarios 
the variants to be produced by the assembly system have to be 
defined. The assembly process of these variants has to be split 
into assembly steps that cannot be further subdivided, whereby 
the assembly sequence is described by precedence constraints 
[24] (Fig. 2). 

 

Fig. 2. Elementary assembly steps and precedence constraints 

The proposed approach is divided into two steps. In the first 
step, a scenario analysis of the future model mix in the 
production program is carried out. Hereby a worst-case 
evaluation of the scenario-inherent uncertainty is conducted in 
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order to derive an adequate robustness requirement. As a result, 
assembly task specific time buffers are derived from the 
expected fluctuations in the model mix. 

In solving line balancing optimization problems, methods of 
operation research can be used [25], whereby the problem of 
line balancing is a non-deterministic polynomial-time hard 
problem (np-hard) [7]. The proposed optimization algorithm on 
the one hand aims to distribute the different assembly times of 
individual assembly tasks in such a way that the aggregated 
possible fluctuation of all assembly steps assigned to a station 
is minimized. On the other hand the objective is to minimize 
the amount of assembly stations. 

3.1 Scenario based robustness requirements 

The line balancing is focused on the future production 
program [26]. Due to strategic decision the production program 
may be predefined and variations in model mix or optional 
equipment are covered by designated assembly lines. Hence 
robustness is not a requirement in these cases.  

Otherwise the requirements of the line balancing have to be 
derived from an uncertain production program. By conducting 
a scenario analysis, it is possible to describe potential future 
production programs and thus obtain possibility ranges for each 
variant in the model mix, which further define the required 
robustness. 

A scenario’s share of the production program for each 
variant is described with an expected value (𝐸𝐸𝐸𝐸) and a level of 
uncertainty. Hereto a variant’s share is modelled by using a 
normal distribution (Fig. 3). The expected values of all variant 
shares to be assembled on the respective assembly line have to 
sum up to the total production capacity, which is indicated by 
100%. 

 
Fig. 3. Example of normal distributed shares of product variants 

The assembly line’s robustness requirement is derived from 
this scenario analysis. The variant (𝑘𝑘) specific assembly times 
of individual assembly tasks are extended by a task-specific 
robustness buffer. As shown in Algorithm 1, the variance of the 
normally distributed variant shares in the model mix is used as 
an indicator for dimensioning the robustness buffer. 

By applying this procedure, a time buffer to reduce the 
probability of takt time violations can be implemented 
specifically at the level of assembly tasks. The thereby 
determined task durations are used as input parameters for the 
line balancing optimization algorithm. 

 

Algorithm 1: Deriving 𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 for an assembly task 
initialize all parameters 
repeat 

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑘𝑘 = 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑘𝑘 − 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑘𝑘  
𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑘𝑘 = 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑘𝑘 + 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑘𝑘  
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑘𝑘 = 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑘𝑘 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑘𝑘  
𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑘𝑘 = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑘𝑘  

until all variants processed 
build list of variants by descending assembly times 
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 100% − ∑ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑘𝑘  
repeat 

select variant with highest rank 
if 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 < 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑘𝑘, then 

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑘𝑘 = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  
end if 
𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑘𝑘 = 𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑘𝑘  + 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑘𝑘  
𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑘𝑘 = 𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑘𝑘 ∗ 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑘𝑘  
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡𝑎𝑎𝑙𝑙 = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑘𝑘  
remove variant from list 

until all variants removed  
𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = ∑ 𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑘𝑘  

3.2 Optimization model for increased feasibility robustness 

By definition, takt time violations never occur in a perfect 
deterministic line balancing problem without overload of takt 
time. However, if assembly task times are subject to stochastic 
behaviour and overload of takt time is possible, takt time 
violations may occur. To reduce this risk, a trivial approach is 
to plan sufficient buffer time at each assembly station by 
reducing the given takt time or by increasing individual 
assembly task times [12].  

A more detailed approach for increasing robustness is given 
by identifying an assembly station’s individual volatility and 
hence its extra need for robustness. This approach presents an 
extension for the general SALBP that minimizes the amount of 
work stations in operation [14] and further maximizes 
robustness at work stations with volatile task times by 
minimizing volatility at each station. Consequently, it is 
classified as a GALBP. 

As a first step the volatility of single assembly tasks 𝑣𝑣𝑣𝑣𝑙𝑙𝑖𝑖 is 
to be determined. Therefore the weighted variance of task 𝑖𝑖 ∈ 𝐼𝐼 
is being used (Formula 1). For each assembly task 𝑖𝑖, the value 
of 𝑣𝑣𝑣𝑣𝑙𝑙𝑖𝑖 is calculated as the quadratic deviation of each possible 
optional equipment 𝑠𝑠 ∈ 𝑆𝑆  of each product concept 𝑘𝑘 ∈ 𝐾𝐾 
(regarding its relative occurrence in the production schedule 
𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖) from the task time 𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑖𝑖.  

 
𝑣𝑣𝑣𝑣𝑙𝑙𝑖𝑖 = ∑ ∑ 𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖

𝑠𝑠∈𝑆𝑆𝑘𝑘∈𝐾𝐾
∗ (𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑖𝑖)

2
 ∀𝑖𝑖 ∈  I (1) 

 
ALTEMEIER proposed alternative volatility measures of 

which solely the measure of inefficiency weights deviations in 
a non-linear manner [27]. Since this measure compares the 
volatility throughout multiple stations it is not suitable for a 
station-related approach. 
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In order to minimize an assembly station’s volatility an 
according measure vo𝑙𝑙𝑗𝑗 is implemented. Assuming 
stochastically independent assembly tasks 𝑖𝑖 , this measure 
represents the aggregation of each 𝑣𝑣𝑣𝑣𝑙𝑙𝑖𝑖  which is assigned to 
station 𝑗𝑗 (Formula 2). 

 
vo𝑙𝑙𝑗𝑗 = ∑ 𝑣𝑣𝑣𝑣𝑙𝑙𝑖𝑖

𝑖𝑖∈𝐼𝐼
∗ 𝑥𝑥𝑖𝑖𝑖𝑖 ∀𝑗𝑗 ∈  J (2) 

 
Since the volatility of a station depends on its assigned tasks 

a dynamic approach that calculates vo𝑙𝑙𝑗𝑗 during the algorithms 
execution is aspired. Therefore |J| constraints are used to 
determine the vo𝑙𝑙𝑗𝑗  per station according to the algorithms 
decision variables assignment. 

To increase feasibility robustness, the optimizations 
objective is to minimize the volatility of each assembly station 
(Formula 3). Therefore the |J| volatility constraints get equated 
with 𝑣𝑣𝑣𝑣𝑣𝑣𝑗𝑗 which is part of the objective function (Formula 4). 
In order to avoid constant terms of volatility in the objective 
function every instance of 𝑣𝑣𝑣𝑣𝑣𝑣𝑗𝑗 is squared.  
 

∑ 𝑣𝑣𝑣𝑣𝑣𝑣𝑗𝑗2
𝑗𝑗∈𝐽𝐽

  
(3) 

∑ 𝑣𝑣𝑣𝑣𝑙𝑙𝑖𝑖
𝑖𝑖∈𝐼𝐼

∗ 𝑥𝑥𝑖𝑖𝑖𝑖 ≤ 𝑣𝑣𝑣𝑣𝑙𝑙𝑗𝑗   ∀𝑗𝑗  ∈ 𝐽𝐽 (4) 

 
The program is formulated as a mixed integer linear 

program with a quadratic term in the objective function 
(MIQP). This program is based on SALBP and enhanced by 
the introduced objective function term including its 
corresponding constraints. 
 

min  ∑ Θ1
𝑗𝑗∈𝐽𝐽

∗ 𝑗𝑗 ∗ 𝑦𝑦𝑗𝑗 + ∑ Θ2
𝑗𝑗∈𝐽𝐽

∗ 𝑣𝑣𝑣𝑣𝑣𝑣𝑗𝑗2 

𝑠𝑠. 𝑡𝑡. 
(5) 

∑ xij
i∈I

∗ ti ≤ 𝑐𝑐 ∀𝑗𝑗 ∈ 𝐽𝐽 (6) 

∑ xij
j∈J

= 1 ∀𝑖𝑖 ∈ 𝐼𝐼 (7) 

∑(j ∗ xaj)
j∈J

− ∑(j ∗ xbj)
j∈J

≤ 0 ∀𝑎𝑎, 𝑏𝑏 ∈ 𝐼𝐼 |
 𝐸𝐸(𝑎𝑎, 𝑏𝑏) = 1 (8) 

∑ xij
i∈I

≤ |I| ∗ yj ∀𝑗𝑗 ∈ 𝐽𝐽 (9) 

∑ 𝑣𝑣𝑣𝑣𝑙𝑙𝑖𝑖
𝑖𝑖∈𝐼𝐼

∗ 𝑥𝑥𝑖𝑖𝑖𝑖 − 𝑣𝑣𝑣𝑣𝑣𝑣𝑗𝑗 ≤ 0 ∀𝑗𝑗 ∈ 𝐽𝐽 (10) 

𝑥𝑥𝑖𝑖𝑖𝑖 ∈ {0,1} ∀𝑖𝑖 ∈ 𝐼𝐼, 𝑗𝑗 ∈ 𝐽𝐽 (11) 
𝑣𝑣𝑣𝑣𝑣𝑣𝑗𝑗  ∈ ℝ+ , 𝑦𝑦𝑗𝑗 ∈ {0,1} ∀𝑗𝑗 ∈ 𝐽𝐽 (12) 
 
𝑥𝑥𝑖𝑖𝑖𝑖  represents the allocation of task 𝑖𝑖 ∈ 𝐼𝐼  to station 𝑗𝑗 ∈ 𝐽𝐽 . 

Whether a station 𝑗𝑗 is used in the line balancing configuration 
is determined by binary variable  𝑦𝑦𝑗𝑗 . The predecessor 
constraint (Formula 8) is relevant for all tasks 𝑎𝑎, 𝑏𝑏 ∈ 𝐼𝐼 if 𝑎𝑎 is 
predecessor of 𝑏𝑏 in the precedence graph 𝑃𝑃. Furthermore, Θ1 

and Θ2 are normalization factors as in [28] that normalize the 
two objective terms to the interval [0,1] each.  

4. Case Study 

The described approach for a robust line balancing 
configuration is applied to a case study with data from a 
German automotive company. Therefore the algorithm got 
implemented into MathWorks MATLAB and solved with IBM 
ILOG CPLEX Optimization Studio. The actual input data is 
collected from a final assembly line for compact cars. In total, 
two product variants are to be produced on the focussed 
assembly line which is characterised by 100 assembly tasks 
(Fig. 4).  

 

Fig. 4. Distribution of 𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 for focused assembly line (model mix ratio 
1:1) 

The obtained robust assembly time spans from below 5s up 
the maximum of 120s. These assembly tasks have to be 
allocated to a maximum of 30 assembly stations while the takt 
time of the assembly line is set to 120 seconds. The use case 
contains the following three operation point scenarios OPS1, 
OPS2, OPS3 which are to be analysed: 

 

Table 1: Operation point scenarios of the use case 

Scenario Ratio variant A/B Standard deviation 
variant A/B 

OPS1 25% / 75% 5% / 5% 
OPS2 50% / 50% 5% / 5% 
OPS3 75% / 25% 5% / 5% 
 
In order to generate additional results to the line balancing 

problem by applying the presented approach 𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  for 
comparison, two other approaches have been implemented. 
Both approaches use a standard SALBP optimization program 
without the proposed objective term to reduce station specific 
volatility (Formula 4). This procedure results in various 
solutions with the same target value for assembly stations. 
Hence, as supposed by ALTEMEIER [27; 11] the algorithm 
chooses the solution with the best horizontal smoothing 
throughout the stations’ total assembly times. Line balancing in 
the first comparative approach is focussed on the average 
variant as described in chapter 2 and therefore produces line 
balancing solutions 𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎. In contrast to that, the line balancing 
in the second comparative approach is using the maximum 
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assembly time of each assembly task and hereby produces 
solutions 𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 . This approach prevents overload of the takt 
time and thus eliminates the risk of takt time violations for any 
model mix scenario. 

In order to evaluate whether a production program can be 
produced on an assembly line with a certain line balancing 
configuration, the car sequencing problem is solved. Thereby 
the objective is to identify a sequence of products in which no 
overload, i. e. no violation of the takt time, occurs [12]. If a 
valid solution for the sequencing problem can be found, the line 
balancing configuration is considered to be valid in terms of the 
respective production program. Invalid solutions are rejected 
for further planning steps. Regarding the assembly system it is 
assumed that the employee's speed of return to the starting 
point of the station is infinite. Furthermore, it is assumed that 
there are no set-up times when changing variants and the 
increment for operation point feasibility analysis regarding 
variant A and B is set to 5%. 

This analysis leads to a feasibility corridor that is limited by 
the largest feasible deviation from the OPS. In comparison, a 
more robust solution is characterized by a larger feasibility 
corridor. Figure 5, 6 and 7 show the feasibility corridors for 
each of the three operation point scenarios OPS1, OPS2 and 
OPS3. The labelling of the bars indicates the algorithm used and 
the amount of stations which have to be opened when applying 
the solution. For comparison purposes, the solutions 𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎 are 
used as reference solutions and hereto a light grey area is 
applied in the diagrams. Furthermore, the OPS is marked with 
a black line. 

 

 
Fig. 5. Feasibility corridors for OPS 1 

 
Fig. 6. Feasibility corridors for OPS 2 

 
Fig. 7. Feasibility corridors for OPS 3 

Within one OPS setup, several 𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑗𝑗 were generated by 
varying the objective function’s weighting parameters Θ1 and 
Θ2. The solution 𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚,26 represents the limit of stations and 
feasibility robustness as no further robustness can be achieved 
and thus no further assembly station needs to be opened. This 
limit of stations can be applied as a comparison to each OPS 
since it holds the maximum feasibility robustness regarding all 
variants.  

By comparing the solutions 𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎,𝑗𝑗 to the solutions 𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑗𝑗 
with minimal stations, it can be observed that by applying the 
proposed approach a gain in feasibility robustness can be 
obtained at no additional costs through more stations. This 
effect can be observed especially in OPS1 where the initial 
range of operating points from 20% to 25% of variant A, 
respective from 75% to 80% of variant B, could be extended to 
the range of 0% to 25% of variant A and 75% to 100% for 
variant B. On the one hand no further feasibility could be 
achieved by opening one more additional station in this case. 
On the other hand a general observation indicates that by 
adding more stations, feasibility robustness regarding variant 
fluctuations increases for each model mix scenario. 

5. Conclusion and outlook 

The described approach can be used to design robust line 
balancing with respect to specific production program 
scenarios. This results in a trade-off regarding costs incurring 
for assembly stations and required feasibility robustness 
towards fluctuations in the production program. 

For this purpose, a combined approach is chosen. In the first 
step, a worst case scenario analysis of an uncertain production 
program is conducted. As a result, assembly task specific time 
buffers are derived from the expected fluctuations in the model 
mix. Subsequently, the line balancing problem is solved by the 
proposed algorithm. This algorithm focuses the described 
trade-off. It aims to distribute the different assembly times of 
individual assembly tasks in such a way that the aggregated 
possible fluctuation of all assembly steps assigned to a station 
is minimized. Furthermore, the number of assembly stations is 
to be kept to a minimum. By presenting the possible resolve 
options of this trade-off, it is possible to show which options 
for action are open to a decision-maker. 

The described approach can be further detailed by including 
additional aspects of planning. In Algorithm 1, the normal 
distribution’s variance is utilized to obtain the upper and lower 
boundary of the respective assembly time. It is yet to analyze 
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whether different measures such as a multiple of the standard 
deviation or different distribution functions such as triangular 
distribution allow for a better robustness behavior. 

Figures 4-6 show that the orientation of the feasibility 
robustness corridor is not included in the decision. Criteria can 
be developed to evaluate the orientation of this corridor. 

Furthermore, the cost analysis can be carried out in more 
detail. In this approach, the car sequencing algorithm is used to 
determine the order sequence of the production program, which 
does not allow an overload of the takt time. By using mixed 
model sequencing, overload can be allowed [12]. This may, for 
example, be resolved by using springers and evaluated in terms 
of costs. The costs thus received can subsequently be compared 
to the costs of an additional assembly station. In addition to 
that, the occurring costs may further be detailed by taking the 
equipment into account, which is used at one station for several 
assembly tasks and therefore has to be purchased in a smaller 
quantity. 

Lastly, the presented approach focuses on countering 
possible fluctuations in a predicted model mix by the 
integration of feasibility robustness. The integration and 
evaluation of reconstruction measures of the assembly system, 
due to exceedances of the robustness corridor or the necessary 
integration of additional variants, is related to the topic of 
changeability in line balancing which is also the subject of 
further research. 
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Unterstützereinsatzes und unterschiedlicher Planungszeiträume. Diss. 
Paderborn, Univ., Diss., 2009. 

[28] Grodzevich O, Romanko O. Normalization and other topics in multi-
objective optimization. 2006. 

 

 


