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ABSTRACT

The automotive industry has to manage radical changes.
Especially, the complexity of parts and variants changed
by the technological trends e-mobility and the increasing
introduction of intelligent assistance systems that are
based on embedded systems. Moreover, not only the car
complexity is affected. To realise the impact of change,
a holistic complexity analysis of the product car has to be
done. Such analysis is particularly relevant for logistics,
which acts as a cross-divisional function between
technology development, procurement, production, sales
and after-sales. Therefore, this contribution presents
identified impact areas in the field of the automotive
logistics followed by developed indicators to realise an
approach for a holistic complexity analysis. This is
necessary to identify impacts on logistics processes, e.g.
sourcing strategies.

Keywords: automotive logistics, car complexity,
e-mobility, embedded systems

1. INTRODUCTION

Since Henry Ford introduced mass production in the
early 20th century, the automotive industry is facing the
biggest challenge in its history. (Holweg and Pil 2004).
The megatrends autonomous driving and the field of e-
mobility are becoming increasingly important and will
significantly change the car and its production and
logistics structures.

Original equipment manufacturers (OEMs) nowadays
offer their customers a huge variety of models to compete
in international markets. Moreover, those models can be
individualised by several hundred options (Dormer
2013). Among these options are design elements (e.g. car
paint), functional components (e.g. gear system) and
recently more and more assistance systems (e.g.
Adaptive Cruise Control (ACC) as a driver assistance
system). Furthermore, the OEMs product range is
constantly updated with increasing frequency
(Schuberthan and Potratke 2007).

The management of product variety and the resulting
complexity is decisive for the success of the OEMs.
Offered variety supports the maintenance of market
share, revenue and thus profit. Nevertheless, variety also
leads to complexity in the field of product portfolio,
product architecture and in supply chain processes.
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(Gotzfried 2013) Especially the mentioned trends e-
mobility and the increasing number of embedded
systems to integrate intelligent assistance systems have
led to a radical increase in complexity of parts and
variants (Kampker et al. 2016, Krumm et al. 2014).
Changes within the complexity (increase as well as
decrease) in the product architecture and in OEM’s
portfolio is a challenge itself. Only with a high degree of
transparency, the OEMs are able to manage the
complexity. For example on the portfolio side, the OEMs
are able to identify a non-efficiently level of complexity
to handle. (Gotzfried 2013) This transparency applies in
particular to logistics that has to guarantee material
availability and quality under demand uncertainty. In
addition, logistics acts as a cross-divisional function
between technology developments, procurement,
production, sales and after-sales. Therefore, it is essential
that the so-called product representation (information
basis) depicts all car characteristics (especially
dependencies between parts, components and car
features) and provides transparent holistic information
for all logistics processes. This product representation
includes a product structure, its options as well as its
components and their dependencies. (Fruhner et al. 2017)
Here, this contribution presents an identification of the
impact areas on logistics caused by the future car in the
field of the automotive industry. Based on these findings
and scientific literature, indicators for a complexity
analysis approach are derived. These indicators shall
replicate the complexity numerically expressed and
therefore be used as a basis for a decision support
regarding logistics strategy for example in terms of
sourcing strategies.

The paper is structured as follows: relevant terms and
concepts will be defined in section 2, attached by a
discussion of challenges in the automotive industry. This
leads to an identification of impact areas on logistics.
Subsequently, complexity indicators are derived related
to the identified impact areas in section 3. Moreover, a
holistic complexity analysis approach is presented. The
contribution concludes with a summary of key insights
and an outlook on further research.
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2. CHALLENGES FOR THE AUTOMOTIVE
INDUSTRY AND CORRESPONDING
IMPACT AREAS ON LOGISTICS

After the automotive customer has opted for a car series

and a related model, the model can be further

individualised by so-called options and option packages.

These — sometimes — several hundred options include in

addition to exterior, interior and security equipment,

nowadays also driving assistance systems (e.g. parking
aid) (eVchain 2014). The high degree of individual
configuration is a crucial marketing factor for premium

OEMs, but it contributes as well significantly to the

complexity of the product car. Moreover, automotive

customers have to deal with the rapid change of variants

and options (Ebel and Hofer 2014).

An effective automotive supply chain logistics

management requires the synchronization of resource and

component requirements with resource capacities and
constraints in the production and supply chain. To achieve
this, the logistics planner needs a holistic information set.

However, relevant data is typically kept in a highly

fragmented information landscape ((Bockholt 2012,

Meyr 2004, Stiblein 2008)) and must therefore be

integrated into a transparent and efficient form of product

representation. This product representation must contain
all information that is necessary to grasp the expected or
realised needs of the customer (e.g. model volume or

option quotas). (Fruhner et al. 2017)

The compatibility of car models and their options is

described by a highly complex set of technical rules,

while the related material items of the corresponding
fully-configured car and the corresponding material items
are described by the so-called bill of material (BOM)

(Pawlikowski et al. 2016).

Regarding the offered car series variety, the trend of e-

mobility leads to radical changes in the car architecture.

Electric vehicles differ in various components in

comparison to conventional vehicles (vehicles with

combustion engines), for example all components related
to the exhaust system are obsolete, but the share of
electronic components is much higher. The compatibility
of the electronic components and the connection of the
energy consuming components to the energy source(s) in
the car has to be ensured. (Fruhner et al. 2017) In
addition, the number of embedded systems and software
within the powertrain is generally increasing (Nikowitz

2016). All these facts lead to the impact area "product

and production complexity" as an object of this research.

Meanwhile, a shift in the competence of OEMs has been

identified and analysed since many years. As the product

car includes many simple parts, automotive suppliers
produce and develop more and more complex modules

(Trojan 2007). OEMs on the other hand focus more and

more on the assembly of supplied parts and modules, the

coordination of suppliers, the product marketing and the
distribution of the product car (Meissner 2009). Today,
different supply concepts (e.g. just-in-time delivery),
global locations of supplier, long distances, and varying
material flow systems increase the complexity (Fruhner
et al. 2018).

Proceedings of the European Modeling and Simulation Symposium, 2019
ISBN 978-88-85741-25-6; Affenzeller, Bruzzone, Longo and Pereira Eds.

The OEM’s product range will be jointly determined by
conventional and electric vehicles in the foreseeable
future (Gopfert et al. 2017). Therefore, the effort for
supplier selection, triggering and monitoring order
processes will increase. Hence, the second impact area
on automotive logistics is the field of “supply chain
complexity”.
The classical product life cycles are seven years in the
automotive industry. Rather, the development lead-time
is three years, thus the technologies used during this
period are ten years old at the end of their life cycle. In
comparison to current technology development, such a
cycle is far too long and leads to obsolete technologies
very quickly. (Kampker et al. 2017) Many electronic
components in a car like navigation systems are outdated
after a few years of use. Such cars can only be sold to
second-hand customers with a great loss of value. This
can be countered by updating the components, e.g. by
integrating Apple CarPlay into an end-of-life vehicle.
(Moynihan 2014). Besides, the share of the electric and
electronic components increases within the car (eVchain
2014).
Thus, a continuous update of the vehicles, similar to
software, must be enabled to improve sustainability.
These effects extend to the after-sales and also spare-part
business. Concluding, the “innovation cycles
complexity” is a third impact area on automotive
logistics.
As summary, the identified impact areas regarding the
challenges within the automotive industry are:

e product and production complexity,

e supply chain complexity and

e innovation cycles complexity.
To be able to support decision-making within logistics
processes, indicators will be derived in the next section.
The aim is to use them as a holistic complexity approach
based on the comparison of the “future” and
“conventional” car to understand if the automotive
logistics is also facing big changes. Moreover, it shall be
used to evaluate the complexity of the car in the future
and support decisions for example in the field of sourcing
strategies.

3. HOLISTIC ANALYSIS APPROACH AND ITS
COMPLEXITY INDICATORS

The scientific application of the term "complexity" is
interdisciplinary and finds expression in a multitude of
sciences (cf. (Kirchhof 2003)). Maguire et al. (2011)
emphasized complexity as a significant growing research
topic in the field of natural and social sciences.
Moreover, the management of complexity represents a
crucial managerial challenge in organisation (Morieux
2011, Sargut and McGrath 2011).

An overview of complexity theories and their
interpretations is given by Meyer as well as Kirchhoff
(Kirchhof 2003, Meyer 2007). For example in the field
of systems theory, complexity is defined by the number
of elements, their relations, and the change of elements
and relations over time (Meyer 2007). Related to the
system structure, static or structural complexity arises,
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whereby dynamic or operative complexity describes the
system behavior over time (Schuh 2005).

Another view regarding the management of complexity
is the differentiation between external and internal
complexity (Kaiser 1995, Schuh and Schwenk 2001).
Here, companies try to bridge the gap between
customers’ demand requirements and the product
variety. This results in a certain level of product and
process complexity (Marti 2007, Schuh and Schwenk
2001).

As this contribution presents a holistic approach to
analyse the complexity of the product car, the
opportunities of evaluation are point of interest. Here,
two types of complexity evaluation exist: monetary and
non-monetary approaches. Both approaches allow
manufacturing companies to set and track quantifiable
targets. Cost calculations represent monetary
approaches, whereby non-monetary approaches are
indicators and indices that are not directly transferred to
costs. (Gotzfried 2013)

Based on this differentiation, a non-monetary evaluation
related to the identified impact areas is used as an
approach to analyze the car complexity in the field of
automotive logistics. It shall consider the changes within
the car architecture and the corresponding logistics
processes. Hereby, a differentiation between external and
internal factors will be considered.

3.1. Product and Production Complexity

The more complex a product to be manufactured is, the
more complex are the processes required for production
as well as those existing within the remaining value chain
(Schaffer 2010).

As the product architecture belongs to the field of
product complexity, the following section considers the
differentiation between external and internal variety.
External variety is the product variety offered to the

// evaluate feasible configurations

customer. In the automotive industry, Lechner et al.
(2011) refers to 102° different configurations as product
variety for several models of German premium OEMs.
The total number of variants is responsible for ensuring
that within a value-added process, e.g. in mechanical
production, assembly or planning, non-value-adding
activities are carried out and so-called reactive power is
generated (Schaffer 2010).

Therefore, the external variety as a crucial indicator is
point of interest. According to Rosenberg (2002) the
theoretical variety v'", i.e. the external variety, can be
calculated by the multiplication of number of mandatory
variety and optional variety (1). Here, x,, is defined as
the number of expressions of the mandatory
characteristic m and y, as the number of values of the
optional characteristic k. The related amount of the
characteristics are M and K.

v = [Tzt X * [Hica 0 + 1) (D

It shall be highlighted, that v*" is a theoretical number.
Technical restrictions prohibit options for specific
models (e.g. no 17’ tires for convertibles), force specific
combinations of options (e.g. LED head light only in
combination with LED back lights) or prohibit
combinations (e.g. a navigation system rules out all other
radios). Schaffer, for example, divides the variety into
the practically producible number of variants, the
effectively produced number of variants, the technically
permissible number of variants and the theoretical
number of variants (Schaffer 2010). Scavarda et al.
(2010) formulate the producible variety as a subtraction
of theoretical variety and restrictions, that affect models
and/or bodystyles.

FUNCTION evaluateFeasibleVariety(model, originalData, sample size)

LIST technicalRules
LIST relevantOptions
reduceOptions()

WHILE evaluateConfigurations <= sample size

LIST tempConfig
BOOL evalTempConfig
countFeasible

+
[

END WHILE

RETURN countFeasible

END FUNCTION

get relevant rules for model in originalData
get relevant options for model in originalData

random configutation according option families
valid(tempConfig, technicalRules)
(evaluatetempConfiguration)

Pseudocode 1: Evaluate feasible variety

The exact estimation of the feasible variety v/ is not
possible in an appropriate time, for example related to the
mentioned theoretical variety of 10%%and 60 relevant
technical rules, it would result in 602! evaluations.
Therefore, the authors approximate the number of
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feasible configurations v/ (pseudocode 1). Based on the
analysed car model random configurations are
determined and these configurations are tested if the
relevant technical rules are valid. To reduce the amount
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of calculation, options that will be set independent of the
configuration are put in a “basis configuration”.

Based on external variety and demands, companies
translate into value chain requirements and create
internal variety (Pil and Holweg 2004). As the variety of
models grows, so does the number of components in the
company. This fact leads to an increase in the number of
goods to be procured (Kestel 1995).

According to MacDuffie et al. (1996) internal variety can
be differentiated in a fundamental, peripheral and
intermediate level. The level of fundamental variety is
represented by variation of base products, platforms and
models. The amount and variation of offered options
belongs to the peripheral variety. Intermediate level is
characterized by part variety, reflecting product design
and the supply chain (e.g. number of suppliers).
Accordingly, related to a specific model, p™° represents
the intermediate variety with respect to unique parts p*

3).
p™’ = n(p“(model)) (3)

Furthermore, in the context of external variety, the
amount of offered options can be indexed as the degree
of individualisation. The potential individualisation used
by OEMs as a marketing factor affect the “Order
Penetration Point” that represents the transition from
forecast-driven and customer-neutral to customer order-
driven production planning (Klug 2010). Thus, the
degree of individualisation d' is calculated by division of
the number of choosable (optional) options op®and the
corresponding total number of options (4).

i _ n(op®)
LG ) 4
4= )

Here, d' is analogous to v*" a theoretical indicator. This
is caused by the technical rules that prohibit all optional
options to be set at the same time. An approximation of
a real number of independent optional options ao‘can be
estimated by (5).

P= %) —log, = 5
ao* = n(op?) —log, 5 )

Based on Lechner (2011) the so-called variant density
and variant heterogeneity can be used as indications of
product complexity. While the density of variants can be
determined with regard to the product range, the
characteristic number of variant heterogeneity is related
to option families (Lechner 2011). The variant density d”
can be estimated by counting the base parts p? and
dividing by the amount of parts for a specific model (6).

dv = Y, pl'b/Z?:l bi (6)

The variant heterogeneity h” of an option family is an
indicator that shows how strongly variant number
changes can affect the logistics system. The result of the
value is 1 if a variant family is absolutely heterogeneous
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and 0 if there are no similarities between the variant
characteristics. Therefore, it enables the evaluation
regarding scale effects. It is calculated from the sum of
attributes a;, which have the same value ag; for all
variants, in relation to the sum of all characteristics (7).

h? = Yt ag;/Xiq a; (7

Regarding to the product architecture not only the
physical part of car characteristics has changed. The
digitisation of the car has introduced new and changed
dependencies among components, e.g. the compatibility
of hardware and software. Among other impacts, the
compatibility has to be ensured with respect to spare
parts and maintenance. Such dependencies are described
by the mentioned technical rules. Therefore the next
point of interest is the complexity of those. Based on
Lechner (2011), the indicator “connectivity of variants”
¢ analyses the amount of relations between the option
characteristics (8). The amount of characteristic

dependencies to other characteristics m™ is put in
relation to the number of characteristics.
ch = mch,re/mch Vv ch (8)

The higher the connectivity, the greater the impact of
variant changes. The changes in the number of variants
of an existing variant family, e.g. an additional motor,
lead to additional variants of other variant families (e.g.
transmission).

A similar indicator to evaluate the complexity of the
dependencies regarding the characteristics is the analysis
of the corresponding technical rules (noted as boolean
rules) (9). One indicator is the length of boolean rules
I(r). In general, the complexity of boolean rules can be
evaluated regarding their depth d(r). It is defined as the
maximum number of steps to evaluate from input to
output (Paterson 1992). A third part is represented by the
average priority of boolean operators ap (r).

cr=Ilr)y«d@r)*ap(r)vr 9)

Based on this determination, the average of c¢” is
supposed to imply the complexity of the model under
consideration. The effort of logistic processes can be
supported, e.g. in the determination of forecasts and
demand.

3.2. Innovation Cycle Complexity

As the innovation cycles accelerate, there are some
factors that are relevant for the complexity analysis. To
be able to manage the short innovation cycles and
amount of parts, modularity and platform strategies are
used in the automotive industry in the context of variant
management. Related to this, the share of part modularity
represents an important indicator regarding the question
whether the degree of modularity is increasing in the
flied of e-mobility. Gross et al. (2007) — for example —
describe a degree of modularity, i.e. the number of
elements of a modular structure weighted with the
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production quantities. Based on this idea and under
consideration of the changes from the conventional car
to the “future” car, the authors decide to measure the
product modularity as a share of parts related to the
number of suppliers (10).

pm _ n(p)
Sm =) (10)

A similar approach to handle such situation is the use of
equal parts as far as possible; thus the share of equal parts
sgl (11) is an indicator for complexity and may support
the selection of suppliers and its sourcing strategy (e. g.
multiple sourcing).

eq _ n(@® (11)

m T )

Moreover, related to electronic parts p¢, the amount of
software p*¥within the car is significantly increasing
(Hammerschmidt 2019). Here, new types of suppliers
like Apple or Google are entering the automotive
industry. New participants will increase the competition
between the OEMs (Bob Heaney 2015). Therefore, the
share of electronic parts (12) as well as the share of
software elements (13) are points of interest (regarding
part complexity and compatibility). The conclusion of
more software components is the fact that more software
updates have to be managed and the compatibility
between those components have to be ensured.

e _ n@®
Sm = ) (12)
sw n(p*W)
Lo} 1
m ) (13)

Not only the innovation cycles accelerate, the product
life cycle of the car is getting shorter. Therefore, logistics
processes have to handle this, for example the forecast is
getting more complex. The indicator “product lifecycle
complexity” plcc™? related to the model, is determined
by the division 1 by the product life cycle PLC (14).

plcc™® = ! (14)

= pLcmo

3.3. Supply Chain Complexity
In general, the third part “supply chain complexity” is
crucial influenced by the trend of globalisation. Global
suppliers and their competition enable supply chain
processes many possibilities. On the one side, the
competition between the suppliers is rising, but on the
other side, longer delivery times and higher logistics
costs are factors for an OEM to be considered. The share
of local and the number of global suppliers (15)-(16)
shall implicate the complexity, for example regarding the
choice of sourcing strategies.
(Slocal)

n
s}gcal —

(15)

n(s)
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S#llobal — n(sglobal) (16)
The increasing electrification of vehicles will shift the
value added in the supply chain. Regarding the supply
chain of the conventional car, 30% of the value added is
generated via the power train, whereby for an electric car
it amounts to 60% (caused by the battery). (Bierau et al.
2016, Pieper and Ernst 0.J.) In addition, the value added
of the battery cell, i.e. raw material supply and
production (main part of the costs of batteries) is located
outside of Europe (Pawlikowski et al. 2018).

In this context, as a non-monetary approach, the share of
produced parts shall be an indicator related to the field of
make-or-buy decision (17). Make-or-buy is used to
decide on the own depth of value added. Even this basic
decision leads to consequences with regard to logistics
complexity (such as number of suppliers, variety of
incoming goods) and to correspondingly necessary
procurement logistics structures (Muchna et al. 2018).

pr __ n(ppr) (17)

m T )

A low vertical range of manufacture tends to lead to the
delivery of more complex parts to assemblies. Just-in-
time (JIT)/ just-in-sequence (JIS) logistics processes
with lower warehousing are more likely to be used here.
These are production synchronous strategies, where
components for production are delivered on exact dates
in coordination with the production or assembly process.
(Muchna et al. 2018)

This avoids intermediate stocks and buffers (Kestel
1995). In order to be able to meet the short delivery time,
suppliers often locate themselves in close proximity to
the automotive plant (Grunewald 2015). Especially if
such efficient processes are or can be used, the respective
share is derived (18)-(19). Based on this information and
in relation to their corresponding number of suppliers,
decisions and possible steps shall be assisted.

local _ n(plocal)

Sye ) (18)
global _ n(pglobal)
Smo T T (19)

3.4. Holistic Complexity Approach

According to the understanding of complexity in this
contribution, complexity is formed by the interplay of
many dimensions. For the complete evaluation of
complexity it is therefore obvious to consider complexity
as a multidimensional quantity, since an adequate
quantification of complexity cannot be realised by a
single indicator (Scholz-Reiter et al. 2006).
Furthermore, in times of growing modularity, in which
the influence of product complexity on the process can
be affected by decoupling processes, late configuration,
standardization, platform strategies and common parts
concepts, it is important to have access to efficient tools
and methods with which the influence of product
structure and architecture on manufacturing processes
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and thus on costs can be investigated (Schaffer 2010).
This shall support decision-making, which is a central
activity in big and complex organisations, thus one of the
key tasks and responsibilities of managers. (Gotzfried
2013, Nutt and Wilson 2010) Moreover, to manage
complexity, the transparency of variety-induced
complexity represents a crucial element in order to
understand its impact. (Child et al. 1991, Lechner et al.
2011). The effects of product complexity also unfold in
a change in procurement complexity. For example, an
expansion of the product range also has an effect on the
supplier network and leads to additional costs for goods
processing in the plant. Product complexity continues to
have an internal influence on structural complexity,
because structural adjustments must always be made as a
result of changes in the product program. (Feldhuetter
2018)

In general, the aim should not be to design a minimal but
rather a company complexity adapted to the situation,
based on a differentiated selection of measures (Schuh
2005). Regarding the time horizon, three generic

strategies  for  implementing  efficient variant
management can be distinguished: the strategy of
complexity reduction, complexity control and
complexity avoidance (Feldhuetter 2018).

Only with such presented holistic complexity analysis, it
can be assessed to what extent logistic processes have to
adapt and what the future vehicle means for variant
management etc. This approach shall support processes
and stakeholders in every phase of the product life cycle.
Moreover, the integration of new modules, components
or software components into an existing vehicle structure
as well product representation and into logistics
processes shall be assisted.

A visualization of the schema, covering the three impact
areas, is shown in figure 1. It is based on a so-called
spider chart. The method shall be used to compare the
complexity of the conventional car and the “future” car
in forthcoming work and enable the identification of
impacts on logistics processes.

theoretical variety

PLC complexity
SW components
electronic parts
innovation

cycle
complexity

equal parts

product modularity

suppliers - global

1
0.9

08

supply chain

complexity

suppliers - local

supplier parts - global
supplier parts - local

feasible variety

number of parts

degree of individualization

independent optional

product
options

complexity

variant density

variant heterogeneity

variant connectivity

complexity of dependencies

produced parts

Figure 1: Spider chart for complexity analysis

4. KEY INSIGHTS AND OUTLOOK

The presented contribution is an important starting point,
as it shows that not only the car as a product itself
radically changes. Moreover, the changes affect the
automotive logistics and the corresponding product
representation. Hereby, in order to guarantee the
availability of components and minimize obsolescence
risks, it is essential that the automotive logistics has
access to transparent holistic information. Especially,
dependencies of technical and electronical components
and the compatibility between hardware and software
components have to be considered. To realise the impact
of change (parts, variants, supplier locations), a holistic
complexity analysis has to be done.
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Based on this approach, a forthcoming work will be the
evaluation of the implemented model and a comparison
of the complexity of a conventional model and a “future”
car to identify impacts on logistics processes. In addition,
this holistic complexity analysis shall help to optimize
impacts on logistics processes by simulation (for
example by different scenarios within the product
development).
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