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Abstract Significant increase in productivity of production systems has been an
effect of all past industrial revolutions. In contrast to those industrial revolutions,
which were driven by the production industry itself, Industrie 4.0 is pushed forward
by an enormous change within the current society due to the invention and frequent
usage of social networks in combination with smart devices. This new social
behaviour and interaction now makes its presence felt in the industrial sector as
companies use the interconnectivity in order to connect production systems and
enhance collaboration. As employees bring their own smart devices to work the
interconnectivity is brought into the companies as well and Industrie 4.0 is pushed
into the companies rather than initiated by the companies themselves. On top of
productivity improvement within production the fourth industrial revolution opens
up new potentials in indirect departments such as engineering. This focus differ-
entiates Industrie 4.0 from the first three industrial revolutions, which mainly
focused on productivity increase by optimising the production process. Within the
Cluster of Excellence “Integrative Production Technology for High-Wage Coun-
tries” of the RWTH Aachen University four mechanisms were developed which
describe Industrie 4.0. The mechanisms “revolutionary product lifecycles”, “virtual
engineering of complete value chains”, “better performing than engineered” and
“revolutionary short value chains” can be achieved within an Industrie 4.0-envi-
ronment. This environment is based on the four enablers “IT-Globalisation”, “single
source of truth”, “automation” and “cooperation” and enhances collaboration pro-
ductivity. Therefore the present paper examines and introduces hypotheses for a
production theory in the context of Industrie 4.0. For each mechanism two
hypotheses are presented which explain how the respective target state can be
achieved. The transmission of these mechanisms into producing companies leads to
an Industrie 4.0 capable environment strengthening competitiveness due to
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increased collaboration productivity within the direct and especially indirect
departments. The specified hypotheses were developed within the framework of the
Cluster of Excellence “Integrative Production Technology for High-Wage Coun-
tries” of the RWTH Aachen University.

2.1 Introduction

This paper continues the work described in “Collaboration Mechanisms to increase
Productivity in the Context of Industrie 4.0” (Schuh et al. 2014a). Therefore the
present paper proceeds by giving a short introduction regarding Industrie 4.0-ena-
blers. Each mechanisms presented in Schuh et al. (2014a) is then briefly described
before two hypotheses for each mechanism are introduced.

The effect of past industrial revolutions has always been a significant increase in
productivity (Schuh et al. 2013a). The increase in productivity started with the first
industrial revolution due to the introduction of the steam engine and continued with
the Taylorism and the automation as well as computerising (Schuh et al. 2013a,
2014b). Thus automation and computerising already increased productivity within
the indirect departments the first three industrial revolutions mainly took place on a
shop-floor level. Industrie 4.0 continues to shift the productivity increase even
more, as especially indirect departments such as engineering are enhanced due to
the Industrie 4.0-enablers and further support of software (Russwurm 2013).
Therefore this industrial revolution supports decision making, simulation and
engineering performance by aid of collaboration. The mentioned performance
increase is represented by four mechanisms of increased productivity, which are
supported by the Industrie 4.0-enablers (Schuh et al. 2014a).

This paper reflects the mechanisms of productivity increase and introduces
hypotheses on how these target states are to be achieved within an
Industrie 4.0-environment.

2.2 Collaboration Productivity Due to Industrie 4.0-Enablers

Within the literature the industrial change due to the fourth industrial revolution
addresses diverse aspects of Industrie 4.0 and therefore differs widely in its inter-
pretation (Wahlster 2013; Brettel et al. 2014a; Imtiaz and Jasperneite 2013). Still
most of the authors agree with the high potential of productivity increase which
accompanies the current transformation process. As stated earlier Industrie 4.0 is
not initiated on a shop-floor level and therefore companies have to take measures in
their own hands to introduce Industrie 4.0-enablers into their companies to profit
from the current change in society and technology (Kagermann et al. 2013).

12 G. Schuh et al.



These measures can be categorised by different preconditions which are to be
created within a production system. The categorisation is conducted by aid of two
dimensions. The first dimension describes whether a precondition is physical or
cyber, whereas the second dimension allocates the precondition to hard- or software
components (Schuh et al. 2014a). By making up a matrix of the named dimensions
four main preconditions can be identified which are shown in Fig. 2.1 and represent
the enablers for Industrie 4.0: IT-Globalisation, single source of truth, automation
and cooperation.

In order to benefit from the fourth industrial revolution, the presented enablers
for collaboration productivity and thus for Industrie 4.0 have to be focused and put
into use as a technological and organisational foundation. Against the background
of the dimensions for the enablers of Industrie 4.0 collaboration is seen as the
interworking of human and human, machine and human and machine and pro-
duction system (Schuh et al. 2013a, 2014c).

In the following the four enablers for Industrie 4.0 are described as they make up
the basis for the productivity increase in an Industrie 4.0-environment as well as the
mechanisms and therefore the hypotheses which represent the main focus of this
paper.

(1) IT-Globalisation The intersection of cyber and hardware concentrates on the
IT-Globalisation. Computers present potentials and advantages for economic
growth in comparison to the investment costs (Brynjolfsson and Hitt 2000;
Schuh et al. 2014a). In the near future the speed of computers will increase
even more and therefore becomes less expensive just as storage capacity
(Hilbert and López 2011). This will especially enhance producing companies
to store massive information in a central cloud which can be accessed from all
over the world due to increased speed (Schuh et al. 2014a). On top the
increased speed will allow faster extensive simulations of different aspects of a
company as well as the processing of huge amounts of data, which are already
collected by companies, but cannot be used adequately.

(2) Single source of truth To receive viable simulations and information it is
inevitable for a company to embed all product lifecycle data along the value
chain within a single database (Schuh et al. 2011). Consistent information
within this “single source of truth” has to be maintained in terms of product
lifecycle management (PLM) to make all changes to product and production
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visible and avoid ambiguity (Gecevska et al. 2012; Eigner and Fehrenz 2011;
Bose 2006; Schuh et al. 2014a). “Single source of truth” is enhanced by the
enabler IT-Globalisation, as cloud storage and access is supported and
improved.

(3) Automation Further enabler for Industrie 4.0 are cyber-physical systems which
combine computers, sensors and actuators and therefore link up the virtual
with the physical environment (Lin and Panahi 2010). This leads to automated
and decentralised processes which can be combined to collaboration networks
(Frazzon et al. 2013; Schuh et al. 2014a). These cyber-physical systems are
able to adapt to dynamic requirements and therefore are self-optimising
(Wagels and Schmitt 2012). Next to the improvement of machine collabora-
tion this enabler empowers the embedment of skilled workers in such a
machine system and enables even more flexible production processes (Schuh
et al. 2014a).

(4) Cooperation The fourth and therefore last enabler for Industrie 4.0 is called
cooperation and aims at the connection of all technologies and activities.
Cooperation is already used in development projects, as for example a major
NASA supplier named Thiokol achieved a reduction of development lead time
by 50 % due to efficient sharing and exchange of engineering data within a
network of engineers (Lu et al. 2007). Networks help to improve cooperation
by communicating targets and empowering decision maker’s in decentralised
systems (Kagermann et al. 2013; Schuh et al. 2014a).

The presented enabler depend on each other and also enhance one another as for
example simulations using big data is only possible by adequate storage capacities
and computing speed. Also automation and collaboration of machines and humans
is not possible without the necessary cooperation. In conclusion Industrie 4.0 can
only be achieved by developing and applying all four enablers simultaneously
(Schuh et al. 2014a).

2.3 Mechanisms and Target States Due to Increased
Productivity

The proposed enabler for an Industrie 4.0-environment help to increase the (col-
laboration) productivity significantly. This significant increase is represented by the
four mechanisms “Revolutionary product lifecycles”, “Virtual engineering of
complete value chains”, “Revolutionary short value chains” and “Better performing
than engineered” (Schuh et al. 2014a). In the following for each one of the
mechanisms hypotheses are presented which propose how the target state, repre-
sented by the mechanism, is to be achieved and how Industrie 4.0-enabler help to
achieve them.
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2.3.1 Revolutionary Product Lifecycles

In today’s business environment producing companies face the challenges of
shorter lifecycles and micro segmentation of markets (Schuh 2007). Therefore it is
essential for such companies to maintain and maybe even extend their development
and innovation productivity (Schuh et al. 2013b). One performance indicator for a
company’s innovation productivity is the time to market. The faster a company is
able to introduce new products to the market the shorter the development process
has to be. This compression of the development process is made possible within an

Industrie 4.0-environment (Schuh et al. 2014a). By aid of integrated technolo-
gies and rapid prototyping companies are able to produce testable prototypes which
supply viable information of the products potentials as customer feedback can be
implemented immediately. Due to the new technologies the costs of an iteration and
the resulting changes are not as cost intensive as before and therefore lead to a new
development process in terms of time and profit which is shown in Fig. 2.2 (Rink
and Swan 1979).

The adjustment of the product development process in terms of profit and time
can be achieved by adapting the following hypotheses:

(1) “Trust based and iterative processes are more productive and more efficient
than deterministically planned processes”
Trust based and iterative processes lead to an increase in productivity as
developers are afforded time and space to invent, albeit within set boundaries,
and therefore generate more innovations than within a deterministically
planned process (Paasivaara et al. 2008; Schuh et al. 2014a). As the new
development process is based on a SCRUM-like approach, deterministic
planning becomes less important as iterations are permitted and also promoted
(Schwaber and Beedle 2002; Schuh et al. 2014a). Thus planning a whole
development process would take up a huge amount of time considering all
possible solutions within the design space. Unlike nowadays the iterations and
adaptations due to field tests are not as cost intensive as new technologies such
as selective laser melting and rapid prototyping offer “complexity for free” and
are able to generate new prototypes in significant less time and with less
recourses.
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Fig. 2.2 Revolutionary product lifecycles (Schuh et al. 2014a)
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(2) “The speed of a planning process is more important than the quality of the
planning process itself”
The second hypothesis mainly aims at the planning process within product
development projects. Nowadays projects are accurately planned, which takes
up a great amount of time and also causes analogous costs within a state where
a lot of uncertainty is common due to unknown risks within the development
process. Therefore the current process is also based on the assumption that
adaptations and alteration to the project are to be prevented (Brettel et al.
2014b). However, the development process within the Industrie 4.0-environ-
ment supports iterations and therefore alterations. Thus it is more important to
quickly generate a plan in order to start the next development step than to
accurately predict the outcome of this development step (Gilbreth 1909; Mees
2013). Furthermore the new integrated production technologies allow adap-
tations which might be necessary due to unforeseen events.

2.3.2 Virtual Engineering of Complete Value Chains

Software tools such as OptiWo are able to virtualise global production networks
and help to optimise the production setup (Schuh et al. 2013c). By aid of such tools
companies now have the opportunity to simulate their whole production network.
This virtualisation and simulation can reveal possible capacity problems as well as
problems within the general workflow (Schuh et al. 2014a). By simulating the value
chain in a short amount of time one is able to counteract possible problems before
they arise, which enhances the decision capability. Furthermore the virtualisation of
the value chain supports product development, as the effects of measures taken in
the early stages of a product’s lifecycle can be simulated and evaluated. The pre-
diction of possible problems due to faults within product development contains a
high cost potential as the error correction costs increase exponentially over time
(Pfeifer 2013). Therefore the virtualisation enhances the iterative development and
consequently also the radically short development processes as virtual try-out is
supported (Takahashi 2011). To get a valuable decision capability based on sim-
ulations it is necessary to execute an adequate number of simulations (Fig. 2.3).
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(1) “The quality of planning decisions is enhanced by a fast development of the
complete virtual value chain”
In order to get an even better decision making capability it is very important to
gain information as fast and early as possible. Even in an Industrie 4.0-envi-
ronment with high speed computers simulation takes time and different situ-
ations have to be generated. Furthermore the rule of ten states that costs for
error correction increase exponentially (Pfeifer 1996). Therefore the fast
implementation of a virtual value chain helps to start simulating as early as
possible in order to detect possible errors which in a next step can be
addressed by adequate measures. This results into better planning decisions
and results due to preventive measures.

(2) “Increasing the number of different simulation scenarios improves decision
making due to better understanding and examination of assumptions”
Following the law of large numbers in which the accuracy of the relative
probability is increased by an infinite number of attempts, the amount of
simulations for a specific situation within the value chain effects the capability
to make right decisions. The logical implication being, that with an increasing
number of simulation scenarios the actual outcome of a given set up of for
example a manufacturing process and its ambient conditions will be detected
and therefore the right measures can be taken. In analogy to the law of great
numbers of Bernoulli where increasing the number of experiments leads to a
higher accuracy (Albers and Yanik 2007; Schuh et al. 2014a) this hypothesis
states, that the possibility of simulating the future case increases adequately
and therefore the outcome of the future scenario is known due to the simu-
lation and therefore can be taken into account for the decision. In combination
with the Industrie 4.0-enabler “Speed” the basis of a decision can be improved
even more as a computer is able to rapidly combine the results of the
simulation.

2.3.3 Revolutionary Short Value Chains

As described before, companies have to offer more and more individualised
products in order to meet the customer requirements. As an example of the auto-
mobile industry the Ford Fusion is offered in over 15 billion different configurations
(Schleich et al. 2007). This trend complicates the division of labour introduced by
Taylorism in terms of production and assembly lines, as machines in general are
only able to fullfil one specific task. Therefore the complexity of the whole pro-
duction system is increased. In order to allow even more individualised products the
integration of production steps and thus the integration of functions within pro-
duction systems is inevitable. This leads to a reversion of Taylorism implemented
during the second industrial revolution. Instead of the division of labour by means
of a conveyor belt production cells are to be established, allowing an employee to
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take over autonomous responsibility and give this specific employee decision
capability (Schuh et al. 2014a).

Within a production process for highly customised products there is an optimal
number of contributors or process steps in one production cell which have to
collaborate in order to achieve minimal costs for the produced product (Fig. 2.4).

(1) “Shortening the process chain by aid of integrated technologies increases
productivity”
Especially within machinery and plant engineering products are produced
within a job shop production process. The results of several analyses of the
Laboratory for Machine Tools and Production Engineering (WZL), especially
in companies with individual and small series production, demonstrated that
by passing on the product to the next manufacturing and production step a lot
of time elapses due to set up time and downtimes of the machines. As the
process chain becomes longer the respective setup and downtimes become
longer as well. Long process chains are often caused by the inability to process
a unit within one production cell. By integrating different technologies into
one machine within an Industrie 4.0-environment the possibility arises to
process one specific product within a single or at least a few production cells.
Thereby the value chain could be shortened in order to reach a minimum costs
per unit by eliminating set up and machine downtime.

(2) “Continuous process responsibility increases the productivity of the
processes”
As stated before, many companies face the challenge of more and more in-
dividualised products. Within Industrie 4.0 it is conceivable that customisation
will be taken even further (Brecher et al. 2010; acatech 2011) and companies
will not only have to produce customised products of the same kind such as
cars, but will have to manufacture totally different products. In this case it is
hardly possible to divide the production and manufacturing process into
smaller parts in terms of Taylorism. In order to still be able to increase pro-
ductivity one option is the continuous responsibility of one employee for the
whole value creation process of one specific unit of a product. This approach
has advantages especially if enhanced by Industrie 4.0. First of all in com-
bination with integrated technologies and processes the continuous responsi-
bility will lower inefficiencies in terms of set up times on the side of the
employee as handovers are reduced and the new employee doesn’t have to

Fig. 2.4 Revolutionary short value chains (Schuh et al. 2014a)
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adapt to the specialties of the customised product. As mistakes mostly occur
during handovers a continuous responsibility also prevents these mistakes
(Prefi 2003). Secondly the responsibility for a whole value creation process
gives the employee pride in the product he produces as he sees the develop-
ment of the product. It was shown, that it is important for an employee to see
the results of his work, that the results were impacted by his skills, that they
solved difficult problems and that they felt they were trusted (Nakazawa
1993). It is easy to imagine, that the above mentioned feelings are hard to
achieve, if the production process is divided into many small steps due to
Taylorism. Therefore a continuous process responsibility can help to increase
motivation and therefore productivity. This kind of attachment and motivation
to increase productivity is already used within the engine manufacturing
process at Mercedes-AMG where one single engine is handcrafted and even
signed by one single engineer (Höltkemeier and Zwettler 2014).

2.3.4 Better Performing Than Engineered

The mechanism of “Better performing than engineered” aims at the self-optimising
capabilities of production systems which are already theoretically possible (Schuh
et al. 2013d). With the ongoing advancement of self-optimising production systems
machines should be able to reach a productivity level which exceeds the previously
determined maximum due to cybernetic effects (Schuh et al. 2014a). These effects
would involve structural changes to a system as a response to varying conditions
appealing to the production system. An example for such a self optimisation would
be a productivity of 15,000 units whereas the estimated maximum before self
optimisation was 10,000 units. This kind of self optimisation would have a huge
impact on the flexibility and reactivity of a production system and therefore con-
tribute significantly to its productivity. The described self-optimising effect is
shown in Fig. 2.5.

Fig. 2.5 Better performing than engineered (Schuh et al. 2014a)
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(1) “When a self-optimising system reaches its process performance limits the
self-optimisation constitutes a process pattern change”
In general systems of all kinds are optimised within the systems current state
in order to reach an optimal performance level. Usually this level is approa-
ched by a decreasing speed. Whenever the optimal performance level is
reached no further optimisation is possible. The only way to improve per-
formance beyond this theoretical border is a change within the system itself or
within the process pattern. An example for this kind of optimisation is rep-
resented by the Fossbury Flop whereas the jumping height could not be
improved by the old jumping technique the Fossbury Flop enabled athletes to
reach new records. For a production system this pattern change describes the
dynamic adaption of the target system. The production system does not only
try to reach an exogenous given target but adjusts this target based on internal
decisions (Schmitt and Beaujean 2007). Within Industrie 4.0 self-optimising
systems therefore should be able to acknowledge performance boarders and
change process patterns in order to surpass them.

(2) “Self-optimisation requires an over determined sensor actuator system”
The term “determined” states the described system is fixed within its pre
determined patterns, as no degrees of freedom are available to the system to
adapt its patterns. For an over-determined system however, there is a possi-
bility to change patterns. For example within a pattern change one degree of
freedom can be taken away in exchange for another degree of freedom. Thus a
system can adapt to changing requirements. This type of learning and adaption
requires a cognitive system, which contains sensors and actuators (Zaeh et al.
2010). Nowadays the change within patterns is usually supported by a human
worker (Schmitt et al. 2007), who then expands the sensor actuator system of
the production system. To replace the human intervention it is therefore
necessary to provide the self-optimising systems with an over-determined
sensor actuator system.

2.4 Conclusion

This paper pursues the vision that one core characteristic of Industrie 4.0 is a raise
in collaboration productivity. Accordingly, four main enablers as preconditions for
Industrie 4.0 and collaboration are introduced. These enablers can help to reach
mechanisms or target states, which represent a significant increase in productivity.
The paper introduces and explains two hypotheses for each of the four mechanisms,
which indicate how the Industrie 4.0-mechanisms can be reached and how the
Industrie 4.0-enablers help implementing the mechanisms. Future research will
focus on the empirical validation of the depicted hypotheses and mechanisms in
order to strengthen or adapt the pursued vision.
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