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Abstract

Intangible factors, e.g. the availability of infrastructure at a production site, and implicit knowledge, have an
essential influence on the decision-making in global production networks. However, the consideration of
intangible factors and implicit knowledge, especially in planning the production network configuration and
determining the production network strategy, is usually done implicitly or only based on qualitative and
subjective estimations. This can cause biased decisions and miscalculations that make additional and
expensive adaptions in the global production network necessary. In order to address this challenge, this paper
develops a methodology based on fuzzy inference systems (FIS) to enable a more quantitative and objective
consideration of strategic network capabilities influenced by intangible factors and implicit knowledge. For
this, the strategic network capabilities are described by several criteria aggregated through one or multiple
cascading fuzzy inference systems. The resulting metrics for strategic network capabilities as well as
intangible factors are normalized and comparable. Transparency about strategic network capabilities allows
a focused discussion about the strategic configuration of the production network. Moreover, the metrics can
also be used in other quantitative approaches such as mathematical optimization. The proposed methodology
is demonstrated with 70 intangible factors, six strategic network capabilities, and 21 sub-capabilities from
academic literature. It can be shown that the developed methodology can map intangible factors and implicit
knowledge in a very flexible and detailed manner by selecting and weighting the describing criteria within
the FIS in order to quantify strategic network capabilities.
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1. Introduction

Today, large corporations as well as medium-sized companies organize their value creation in globally
distributed production sites. The drivers of this internationalization are labor cost advantages, access to
resources and the development of new sales markets. The results are global production networks (GPNs)
[1]. However, current disruptive events such as COVID-19 and related entry regulations, supply shortages
for different materials, Ukraine war, energy crisis and political tensions resulting in decoupling scenarios
show the complexity and vulnerability of such GPNs. In particular, recent years have shown that the
frequency of such disruptive events is steadily increasing, making risk reduction, adaptability and resilience
increasingly the key success factor [2]. At the same time, sustainability is also increasingly on the strategic
agenda of companies. Both legal regulations and market requirements must be taken into account in the
configuration of production networks. In addition to these requirements for sustainability and adaptability,
network decisions are also subject to a variety of other overlapping strategic motives. Due to these elusive,
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manifold aspects, a clear alignment of the production network configuration to the production strategy is
very difficult. Therefore, the goal of this approach is to develop a method that quantifies network strategic
capabilities based on fuzzy inference systems (FIS) in order to create comparability and transparency
regarding fit of production strategy and configuration.

2. Global Production Network Configuration And Corresponding Challenges

Global production networks are formally defined as globally distributed production sites that are
interconnected via material and information flows [1]. A distinction is made between GPNs, also called
international manufacturing networks, which consist of intra-company networks, and inter-company
networks, also called supply chains [3]. This paper focuses purely on intra-company networks. The design
of production networks is also referred to as network configuration. Here, network configuration involves
decisions about network structure including global dispersion of plants, allocation of resources and products
as well as the assignment of plant roles including capability building [1].

The goal of the network configuration is to design the network in such a way that it optimally matches the
strategic goals of the company as well as its specific environment. This congruence is referred to as strategic
fit [4]. As mentioned at the beginning, the strategic motives can be manifold and partly contrary to each
other. Strategic motives or capabilities and their interrelationships have already been discussed extensively
in the literature. For example, [5] derived the four international manufacturing capabilities resources
accessibility, thriftiness ability, manufacturing mobility and learning ability. [4], in contrast, differentiates
between production strategy and production network strategy. A detailed discussion of strategic capabilities
and their interdependencies can be found in [6]. The strategic capabilities differ in terms of their evaluability.
For example, capabilities such as access to cheap labor or market proximity are easy to value in monetary
terms. Other capabilities, such as access to qualified personnel and reliability of infrastructure, on the other
hand, are difficult to quantify [7,8].

This diversity and ambiguity of factors makes network configuration a highly complex management
decision. [9] refers to these challenges as detail complexity and hysteresis. Detail complexity describes the
number of influencing factors and strategic motives as well as the interactions between them. Hysteresis, on
the other hand, describes the temporal discrepancy between the occurrence of a disruption and the adjustment
of the network. Especially against the background of increasing volatility of the environment, short
adaptation times are rapidly becoming a success factors [1]. This is counteracted by the rising complexity of
details due to the increasing importance of intangible factors. Thus, the detail complexity makes the
evaluation of network alternatives and fast decision making more difficult. For this purpose, decision support
models are applied in network decision making. These help in structuring the decision problem and create
transparency about decision alternatives. A large number of decision support models already exist in the
literature. However, the detail complexity and hysteresis make it difficult to adequately model the decision
situation [8]. Intangible factors, in particular, pose a major challenge and are therefore usually neglected,
although they have a significant influence on the competitiveness in GPNs [7,10]. The following chapter is
dedicated to a selection of decision support models and their handling of intangible factors.

3. State Of The Art

In the following chapter, the existing literature regarding the consideration of intangible factors in global
production networks is reviewed and research gaps are identified. The found literature can be divided into
two areas. The first area consists of more qualitative approaches like management frameworks that identify
and describe intangible factors or evaluate intangible factors on a highly aggregated level. The second area
contains more quantitative approaches that use intangible factors within multi-criteria decision-making
methods as well as optimization or simulation models.
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3.1 Qualitative Approaches For Identification Of Intangible Factors Within Production Strategy

The usage of intangible factors within the qualitative approaches varies from a solely identification of
factors, e.g. [11], towards a detailed description of single factors by other criteria for performance evaluation,
e.g. [12], or complex frameworks for strategy definition, e.g. [13].

[11] and [14] focus on the identification of different factors. [11] perform a literature review and identify 19
potential key factors for allocation and reallocation decisions in production networks. Similar to this, [14]
identify 48 different tangible and intangible success factors as a starting point for further research. [15] and
[16] identify and analyze different strategic factors for GPNs or reasons for a reallocation of production sites.

In contrast to the solely identification of various factors, [12] develop a framework to evaluate the supply
chain performance based on quantitative and qualitative factors. Several approaches use a similar concept,
by describing intangible factors through several other measures. They use fuzzy multi-attribute decision
making (MADM) methods, such as fuzzy TOPSIS to evaluate a single plant location or a supplier and
consider several intangible and tangible factors that are evaluated based on five to seven linguistic variables
[17-19]. A more sophisticated use of intangible factors in strategic frameworks can be observed in [13] and
[5]. Both focus on GPNs and the production strategy, respective the strategy fulfillment. They describe
several network capabilities, competences or the network structure based intangible and tangible factors.

While reviewing the researched qualitative approaches it becomes apparent that one part of the approaches
only identifies factors or develop a strategic framework based on the factors in a generic way. However, a
systematic methodology to assess the single intangible factors is not developed, leaving the evaluation
ultimately up to the subjective estimation of the expert. The other part of the reviewed qualitative approaches
uses simple (fuzzy) MADM approaches to quantify the intangible factors, but they lack the complexity since
only a few factors are selected. Moreover, they are not developed in a generic way but only for a specific
use case, e.g. supplier evaluation. Furthermore, both sub-groups have in common that interdependencies
between different factors are usually not considered in the evaluation of the factors or while developing the
strategic frameworks.

3.2 Quantitative Approaches With Intangible Factors As Input

In the more quantitative approaches, quantified intangible factors often serve as input for an optimization or
simulation model. Within the quantification are large differences and some approaches directly quantify
intangible factors to integer-values [20—-22]. Other approaches such as [23-25] define a methodology that is
based on integer-values and does not consider any subjective estimation or implicit human knowledge. But
since the focus of this work is to capture exactly them, these approaches are not considered any further.

[26] quantify intangible factors, such as staff qualification, directly in an optimization model as fuzzy
numbers. In contrast, [27] evaluates the intangible factors, similar to the approaches in chapter 3.1, based on
several factors and a survey with decision-makers. The evaluation serves as input for an optimization model
for GPNs. A combination of [26] and [27] is presented by [28]. [28] use FIS to quantify intangible factors
in a first stage. In a second stage, the resulting values are used in an optimization model. Other approaches
use a self-developed system based on fuzzy logic to quantify risks and dependencies in GPNs [29] or use
PROMETHEE to prioritize and evaluate different factors as input for a simulation model [30].

A detailed comparison of 46 qualitative and quantitative decision support models as well as their addressed
objectives, influencing factors, and application areas in network configuration can be found in [8].

While reviewing the more quantitative approaches, it can be observed that they use mostly subjective
estimations. Furthermore, the approaches are use-case specific and consider only selected intangible factors
and thus usually lack the representation of interdependencies between factors. Therefore, the qualitative
approaches do not represent the detail complexity that is inherent to the quantification of intangible factors
and their consideration in decision making in GPN, see also [7,10].
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3.3 Derivation Of Research Gap

In summary, both literature groups (chapter 3.1 & 3.2) are missing a generic and systematic methodology to
quantify or evaluate intangible factors in a way that reduces the influence of subjective estimations and that
can represent interdependencies between different intangible factors.

Therefore, especially against the background of the detail complexity mentioned at the beginning, a gap in
the systematic and analytical consideration of intangible factors in decision-making becomes apparent [8].
This gap is also reflected in practice. Intangible factors are perceived as relevant for decision-making, but
are often only included by gut feeling and managerial judgement due to their difficult assessment [7,10].
However, in order to cope with the detail complexity, new research approaches are required that systematize
intangible factors, quantify them and make them comparable with quantitative factors.

Therefore, the approach in this paper addresses the research gap and develops a fuzzy inference-based
evaluation methodology for intangible factors. FIS seems appropriate for this problem since they can
aggregate qualitative and quantitative metrics as well as additional subjective estimation to one metric.
Additionally, they can be combined easily with other FIS to cover interdependencies between factors and
represent the inherent detail complexity of the topic.

This method can be applied and adapted for various use-cases and quantifies intangible factors in a less
subjective way while considering human-decision knowledge. The generated values for the intangible
factors can be used to create transparency and evaluate the strategic fit in production networks as well as in
quantitative approaches such as optimization or simulation.

4. Methodology For Assessing Strategic Capabilities In Global Production Networks

To develop the approach for quantification of intangible factors in global production networks, at first the
foundations of fuzzy logic are briefly presented (chapter 4.1). Afterwards, the structure of the complete
model is presented (chapter 4.2) and the derivation of the causality diagrams is explained (chapter 4.3).
Finally, the structure and the definition of the FIS are formulated (chapter 4.4).

4.1 Foundations Of Fuzzy Logic

In contrast to classical crisp sets und numbers, where an object is part of a set or not or a number is a fix
value, fuzzy sets and numbers have continuous grades of membership. So, an object can be partially part of
several sets or values. The degree of membership is defined by membership function, that can represent
linguistic evaluations as “high” or “low”. Transferred to intangible factors with no clear metrics, the
evaluation of a strategic capability can be “high” or “low” or partially “high” and partially “low”, which
allows to represent subjective suggestions and uncertainty about the “real” value [31,32]. The most common
forms of membership functions are triangular and trapezoid functions (see Figure 1) [31].
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Figure 1: Standardized triangular and trapezoid membership functions for input and output variables
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Analogously to classical crisp sets, the logic operations “and”, “or”, “not”, respective “intersection”,
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“union”, “complement” can be defined also for fuzzy sets. For further reading see [32].
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Based on fuzzy sets, FIS can be defined. A fuzzy rule base allows to map human knowledge whereas the
fuzzification imitates human subjective decision making. Basically, they follow a three-step structure of
fuzzification, rule-based inference, and defuzzification. In the fuzzification, the input variables, such as the
distance to highways, and the output variables, e.g. availability of infrastructure, are selected and formulated
as fuzzy numbers. Furthermore, the evaluation in form of linguistic terms, the scales, and the according
membership functions are defined by human decision-makers (see Figure 1). In the next step, the decision
rules are defined with if-then rules related to the input and output variables in the rule base, such as “if the
distance to the next highway is low, the availability of infrastructure is high”. These rules are a formal
description of implicit expert knowledge by the decision-makers. In addition, the inference method, so how
the logical operators within the rules are defined mathematically, is determined [33—35]. There are different
possibilities, but the most common one is the max-min inference. In the defuzzification, the resulting fuzzy
output of rules is converted into a crisp-value. This can be done by several methods, while the centroid-
method is the most common one [36].

4.2 Structure Of The Model For Quantification Of Strategic Network Capabilities

Such FIS are used to quantify strategic capabilities and intangible factors in GPNs based on human
knowledge. Figure 2 shows the structure of the model. The strategic capabilities (blue) are quantified based
on the network configuration (green) and influencing factors (gray). Influencing factors come from external
and internal company environment. External influencing factors are, e.g. wage costs and demand. Internal
influencing factors come from the company, but cannot be influenced by the configuration, such as product
properties. Some influencing factors (e.g. political stability) are rather general from macro-economic aspects
(yellow). Here, indices from databases can be used as metrics. The other influencing factors must be
evaluated on a company-specific basis (dark blue). Relevant aspects of the configuration are the geographical
distribution or the specialization of production sites. With the help of FIS, the strategic capabilities per plant
are quantified based on the influencing factors. These are aggregated to a network score using weighting
keys.
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Figure 2: Structure of model for quantification of strategic capabilities in global production networks

4.3 Identification Of Causality Diagrams

Strategic capabilities are determined by a large number of influencing factors, some of which are interlinked
in a highly complex manner [12]. But if more metrics are included in the quantification of strategic
capabilities, the complexity increases, since in case of FIS, the number of rules increases significantly which
makes it hard for human-decision makers to define a complete and consistent rule-base. Therefore, the
different input factors that are relevant for the quantification are grouped additionally in different categories
to gain causality diagrams for the intangible factors. In order to generate such structured causality diagrams,
the method of networked thinking according to [37] was applied. A good size for these categories seems to
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be three to four factors per category. This aims to define clearly separated and relevant sub-measures for
intangible factors. Each category as well as the evaluation of the strategic capability itself is represented by
a FIS. So instead of defining one large rule-base, several smaller rule-bases for the categories are defined,
which reduces the number of rules and simplifies the consistent and complete definition. An example for
such a causality diagram is given by the sub-capabilities access to cheap labor, which is part of the strategic
network capability access to resources in Figure 3. Here, GCR is the global competitiveness report by the
world economic forum, which provides different indices for single nations [38].
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Figure 3: Exemplary causality diagram for the availability of infrastructure at a production site
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4.4 Definition Of The Fuzzy Inference Systems

After defining the causality diagrams (see chapter 4.3), they can be transformed into FIS. For this, every
category as well as the aggregation to an evaluation for the according intangible factor is modelled as a
specific FIS. This allows a detailed representation of the identified causalities and the included human
knowledge. To create these FIS the three steps of fuzzification, rule-base inference and defuzzification are
performed. Since the selection of the input and output variables is already done, only the scales of them
needs to be defined. Since some of the input criteria can be measured directly, such as distances, the scales
are fixed. For other criteria that stem from external indices or reports, such as the GCR, or that are estimated
directly by decision makers, e.g. product complexity, a standardized scale from 0 to 1 is used. Due to the
flexibility of FIS, intangible input factors that can only be approximated with difficult effort can also be
integrated as fuzzy variables, thus allowing a feasible application. This is done for example for the cultural
distance between the company and cheap labor (see Figure 3). As it can be seen from the causality diagram
in Figure 3, the scales of the input variables vary strongly. This is covered by the FIS since they only use the
linguistic evaluation of the variables and so the different scales can be considered together in a quantitative
way. Therefore, the definition of the membership functions and the linguistic terms is done directly by the
decision-makers. However, for most of the input and output variables, standardized triangular and trapezoid
functions (see Figure 1), that can be transformed to individual scales, are used in terms of simplicity and
comparability. Furthermore, since for the quantification many input variables and criteria can be used, only
a few membership functions and linguistic terms are used per FIS, to reduce the complexity of the rule bases.
The standardized membership function for the input and output variables is defined on the interval [0;1] and
can be adapted for individual variables if necessary (see Figure 1).

Based on the previously defined causality diagrams, for each FIS the rule-base is defined by decision-makers.
In these rule-bases the implicit knowledge and the decision base of human decision-makers is modeled.
While formulating the rules, it is important that they are as consistent as possible and that they cover all
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cases of possible input variables’ values. Due to the causality diagrams (see chapter 4.3) and the fact that
each category respective FIS only have a maximum of four input variables the rules can be formulated very
intuitive since every input is fuzzified with intuitive linguistic terms (“high”, “medium” and “low”). For sake
of simplicity the max-min method is chosen for the inference. For the defuzzification, the centroid method
is used. For a better interpretability of the defuzzied values, it is important, that they can assume all values
on the interval [0;1], since there is no other metric for evaluating intangible factors. Therefore, the centroid
of the memberships for “high” and “low” needs to be 1, respective 0 as depictured in Figure 4. This must be
done for all intangible factors and the corresponding categories. The cascading FIS contains the implicit
expert knowledge for the evaluation of intangible factors and creates comparability between these factors
and production sites and networks, since subjective influences from individual decisions are minimized.

5. Application In The Strategic Network Performance Assessment

Using the approach presented in Chapter 4, a tool for evaluating the strategic capabilities of the network was
implemented. The tool allows to evaluate the strategic capabilities of the network based on local tangible
and intangible influencing factors as well as configurational network decisions using the presented fuzzy
inference systems. In sum, the 6 capabilities access to market, access to resources, learning capability,
efficiency, sustainability and changeability are considered. These in turn are fed from sub-capabilities, as
explained in 4.3. The capabilities per plant are then aggregated to a network score using weighting keys.
Capability-specific weighting keys are possible. For example, access to market is weighted by sales volume
and efficiency by production volume. Figure 5 shows the dashboard of the tool in the Excel interface using
fictive data for illustrative purpose.
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Figure 4: Dashboard of the Strategic Network Performance Assessment

The strategic capabilities per plant are shown on the bottom left, and the strategic capabilities of the network
are shown on the right. In addition to the actual capabilities (solid lines), which are determined on the basis
of the fuzzy inference system, a target capability (dashed lines) is also shown. The target is to be defined
specifically for the company. The discussion of strategic differentiation factors according to [4] can promote
the identification of strategic network targets. The direct comparison of target and actual strategic capabilities
reveals strategic mis-fits. This enables a goal-oriented discussion of the strategic direction of the network
and of potential action measures in the strategic network configuration. In addition to network targets, plant
targets can also be defined, thus promoting a strategic focus through plant roles. Moreover, the tool displays
further information such as sales and profit distribution. Number of employees and material flows are
displayed, which support the manager in the strategic discourse.
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6. Conclusion And Outlook

The strategic configuration of global production networks is a highly complex management decision. The
multitude of influencing factors as well as their diversity, difficult comparability and mutual relationships
influence the performance of the production network. Aligning the production network consistent with the
production strategy, which is called strategic fit, requires transparency about these strategic capabilities.
Previous approaches have so far insufficiently considered these mostly intangible strategic capabilities.
Either models focus only on partial aspects and here especially costs or consider the strategic capabilities in
a very aggregated way, so that the informative value and support for decision making remains low.

To this end, this paper presents an approach that quantifies strategic network capabilities based on
influencing factors and network configuration. The 6 strategic capabilities are thereby composed of 21 sub-
capabilities. The quantification is done via fuzzy inference systems, which in turn uses a rule base obtained
by assessing causal relationships and leveraging implicit expert knowledge.

This approach has been implemented prototypically. The fuzzy inference systems have been implemented
in MATLAB. MATLAB in turn interfaces with Excel to import the required input and export the quantified
capabilities as output to be displayed in a dashboard. The visualization in a dashboard enables a focused
discussion about strategic misfits in the network configuration. The input here includes company-specific
variables collected in interviews, as well as macroeconomic indices from databases. In the next step, the tool
will be applied in workshops with industry partners. The aim is on the one hand to validate the causal
relationships found and on the other hand to evaluate the support potential in strategic network configuration.

The approach can be further developed with other methods from data science and artificial intelligence. For
example, it would be conceivable to use preference learning to derive membership functions of the fuzzy
variables [8]. A major challenge here is the data basis, as network decisions are often very complex and
individual, making it difficult to generate a suitable data basis. Approaches with synthetic data could help
here. Furthermore, individual strategic capabilities could be linked back to configuration variables and
influencing factors in various analyses using e.g. structural equitation models.
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