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6.1 Research Program on Self-optimising Production Systems

Robert Schmitt, Mario Isermann and Carsten Wagels

One of'the central success factors for production in high-wage countries is the solution
of the conflict that can be described with the term “planning efficiency”. Planning
efficiency describes the relationship between the expenditure of planning and the
profit generated by these expenditures. From the viewpoint of a successful business
management, the challenge is to dynamically find the optimum between detailed
planning and the immediate arrangement of the value stream. Planning-oriented
approaches try to model the production system with as many of its characteristics and
parameters as possible in order to avoid uncertainties and to allow rational decisions
based on these models. The success of a planning-oriented approach depends on the
transparency of business and production processes and on the quality of the applied
models. Even though planning-oriented approaches are supported by a multitude
of systems in industrial practice, an effective realisation is very intricate, so these
models with their inherent structures tend to be matched to a current stationary
condition of an enterprise. Every change within this enterprise, whether inherently
structural or driven by altered input parameters, thus requires continuous updating
and adjustment. This process is very cost-intensive and time-consuming; a direct
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transfer onto other enterprises or even other processes within the same enterprise is
often impossible. This is also a result of the fact that planning usually occurs a priori
and not in real-time. Therefore it is hard for completely planning-oriented systems
to react to spontaneous deviations because the knowledge about those naturally only
comes a posteriori.

As areaction to the observation that in a networked enterprise non-stationary, tran-
sient Ramp-Up and Ramp-Down procedures are the rule rather than the exception,
with the change of the predominant paradigm of Taylorism successful approaches
were developed that are oriented at the so-called value stream of an enterprise. In
these approaches, central planning activities were reduced in favor of de-central
activities and integrated into the value-adding process. The distinguishing mark of
value-oriented production systems is their high degree of flexibility, as decisions
are made depending on the situation. Still, the downside of purely value-oriented
approaches is that much potential for optimization remains unused as it cannot be
tapped without a holistic view and the according target orientation.

A successful enterprise that connects both planning-oriented and value-oriented
approaches thus uses the advantages of both strategies. In order to achieve this, on the
one hand it is necessary to exactly model the production process. On the other hand,
by identifying the essential parameters to be influenced, a foundation has to be laid
for the ability to autonomously and flexibly make decisions. However, the existing
possibilities to optimize the behavior of one element within the whole system can be
focused too tightly and bind resources even though in certain situations this could
lead to an adverse behavior in other areas. This optimization task within a production
system usually cannot be solved analytically.

The solution of this conflict becomes possible if a system is designed that can
adjust its goals situatively. While in most cases the optimization of a system is
controlled from the outside, e.g. by a person, in many cases the optimization by
the technical system itself is a possible option. The developments in automatization
technology show, however, that even in comparatively simple matters this has not
yet been accomplished. Therefore in many cases people still play an important role.
The implementation of self-optimizing abilities provides a substantial possibility to
reduce the area of tension of planning efficiency.

The following research question thus is the focus of explorations within the
research area Self-Optimizing Production Systems (Fig. 6.1):

How can large and small production systems be harmonised through common models in
terms of their control up to the point of self-optimisation?

Speaking of the term “self-optimizing systems” we understand systems that are able
to effect independent (“endogenous”) changes of their inner states or structure based
on varying input conditions or interferences. In production processes, according
target values can be e.g. capacities, number of pieces, quality, costs or processing
times.

Self-optimizing systems are defined by the interaction of contained elements and
the recurring execution of the actions (Adelt et al. 2009)
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Fig. 6.1 Research question on self-optimizing production systems

» continuous analysis of the current situation,
* determination of targets, and
» adaptation of the system’s behavior to achieve these targets.

From the perspective of a traditional control loop the behavior of the system is
controlled by externally predetermined target parameters. If the control loop adapts
control parameters to observed changes we speak of an adaptive system. The aspect
of self-optimization puts the focus onto the dynamization of the target system. Com-
pared to this traditional controlling a self-optimizing system is able to continuously
determine the individual sub-targets based on internal decisions and to dynamically
adapt the control path (Fig. 6.2).

In order to permit both the independent adaptation of targets and the change of
the control path, e.g. of a production, assembly or even an organizational process
(Fig. 6.3), self-optimizing production systems need an internal structure to register
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System
enhancement Self

optimization Process

Process

Fig. 6.2 From traditional controlling to self-optimization
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and analyze the current situation, to determine the system targets and to adapt system
behavior. Self-optimizing systems are based on coupled sub-systems that can possess
abilities of autonomy, versatility and cognition. Cognitive (sub-)systems are able to
register information from their environment, to process it in a central processor and
to convert it into behavior by being able to influence their environment.

Such a cognitive system can thus constitute the core of a self-optimizing produc-
tion system. The transfer of cognitive mechanisms onto computer systems makes it
possible to exactly process large quantities of data and thus to analyze even complex
production processes with multi-level dependencies.

Therefore a self-optimizing system with its abilities to analyse data, to model
and to make decisions offers an approach to master processes with no existing de-
terministic control function. It can basically be employed in various levels of an
enterprise, from the direct control of machine parameters to assembly tasks and plan-
ning levels. Especially in cases where e.g. requirements of one-piece-flow or other
non-analytical-deterministical cause-effect relationships prevail there are challenges
to augment efficiency and cost-effectiveness through dynamic target synchronization
of global and local target systems.

In production, a cognitive, self-optimizing system can intervene into a process
and can concertedly vary individual values and tolerances in order to react to
deviations in previous steps of the process. By doing this, scattering of the results
of connected processes can be minimized and the quality of the end product
can be augmented. Similarly, a cognitive system can act in the area of assembly
that contains a high amount of manual labor, where the quality is decisively
influenced by the experience-based knowledge of the workers and where aspects
of assembly-compatibility of the construction also play a decisive role. Through
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specific matching of individual parts and through the variation of the according
actuating variables from production resulting deviations can be compensated.

6.2 Integrative Self-optimising Process Chains

Robert Schmitt, Mario Isermann, Carsten Wagels and Matthis Laass

6.2.1 Abstract

6.2.1.1 Challenge

Only when a company can offer goods that satisfy the customer’s requirements and
for which a price can be obtained that will make a profit, can it be successful in
the long run. The task of the management consists in optimising the product quality
and thus the match of the customer’s demands and the properties of the products
produced. In addition to a highest possible liquidity ratio the other conditions to be
taken into account in this optimisation task from a management standpoint include for
example the pricing, production costs, the process through-put times or the flexibility
of a complete production process as the basis for the ability to adapt rapidly and
economically to changing governing conditions.

As a result consideration of Quality according to Garvin opens up further dimen-
sions, which are to be taken into account when determining the target system. As a
consequence a multi-dimensional target system is to be addressed during the opti-
misation process. In this case individual process optimisation alone is not expedient;
in particular since the common optimum of the loss functions in the individual pro-
cesses cannot be targeted in this way. Feedback of information from the individual
processes to coordinate the whole process chain via overall control mechanisms of-
fers a potentially successful approach. The challenge here consists in the developing
the methodology and also specific applications for control and regulation.

6.2.1.2 Goal-Setting

The approach discussed here focuses upon the ability of production systems to adapt
them-selves in self-optimising mode to changing conditions by using cognitive tech-
nologies. The main goal here is to ensure the product quality, wherein the process
chains under consideration are aimed at fulfilling the required product functions by
the design of pan-process closed-loop control systems. As a result the task of purely
complying with tolerances of individual product components becomes a subordinate
objective in the target system. This enables it (the target system) to permit deviations
in the production system, dynamically during the production process, purposefully
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in favour of other targets (e.g. costs, quality, time) or to compensate these by targeted
reactions, and increase its flexibility and hence also its competitiveness.

As aresult it makes a contribution to the Cluster of Excellence “Integrated Produc-
tion Technology for High Wage Countries to resolve the Polylemma of Production”,
while the dilemma between plan and value orientation by utilising self-optimising
and cognitive technologies in the pan-process parameterisation of production systems
is reduced.

The dichotomy Scale vs. Scope is being taken up by accelerating the identification
and application of cause and effect relationships and the resulting associated faster
deployment of these findings even with small quantities.

The influence of production parameters upon tolerances and consequently upon
product quality will be considered along with the potential for making the pro-
duction system more flexible by balancing the production system employing
self-optimisation so that it will respond more rapidly to deviations in processes.

The aim is to fulfil the customers’ requirements at lowest cost by taking into
account possible constraints and at the same time safeguard the product quality
economically in dynamic production environments.

Products and components are traditionally fabricated, geared towards dimen-
sional, geometrical and positional tolerances and assessed in production, whereas
customers primarily consider the production function.

The product function is determined essentially by geometric tolerances, but pro-
duction is not considered explicitly. Function orientation is an approach that directs
product features and hence the individual steps in the process chain towards the
product function as the ultimate aim.

The product functions are awarded a higher priority than purely satisfying defined
interim results of production steps, i.e. deviations and/or tolerances. Thus individual
features may be varied as subordinate aims depending upon the given conditions.
Deviations from previous processes can be compensated for in subsequent processes.
This increases the flexibility of a production system and opens up additional potential
for cost reduction, if costs for a tolerance can be set against the contribution to product
function and consequently e.g. ‘expensive’ tolerances widened.

The objective is the ability of production to manufacture products based upon
function and as a result to shift from production based upon tolerances to one based
upon function.

If the target system is adapted and the derivation of control commands is carried
out autonomously by continuous comparison with target conditions and the targets
in the super-ordinate target system, this is described as self-optimisation.

With the combination of function orientation and self-optimisation a new ap-
proach for optimising production presents itself. It enables (the system) to respond
autonomously to variations in processes and in the case of deviations in sub-targets
of the target system to influence the remaining targets correctively so that attaining
the primary target is still guaranteed.

This is however only possible if the processes are fully understood, how the pro-
cesses integrate and which factors and production parameters influence the product
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parameters. The relevant information must be fed back to the correct points in the
process as a basis for making closed-loop control decisions.

Accordingly the requirements are to identify factors, to make available all relevant
production data, to analyse this data, to extract information from this data and finally
to generate knowledge concerning the current cause and effect relationships from
the information.

6.2.1.3 Results

With the aid of self-optimising mechanisms a production system may be optimised
by considering the whole process chain. Self-optimisation offers the possibility of
implementing improvements autonomously.

To determine production parameters in process chains, tools that can simulate
technically the applicable procedure which mirror the human information process
are suitable. To employ these tools to the greatest effect their specific strengths must
be combined in operation with various types of tasks.

The tools can be combined by means of modular designed software architecture.
The actual software implementation enables closed-loop control of production in
production environments that are changing dynamically and controls dependencies
between product and production parameters which cannot be described analytically.

It calculates solutions by means of efficient learning mechanisms and enables the
closed-loop control of changing targets and disturbances to be adjusted rapidly in the
cycle time. It implements the flexibility necessary for an individualised production
scenario and at the same time helps to resolve the polylemma. Methodology and
software are elucidated by means of application examples.

The transmission of torque by a shaft-hub connection is employed as a first appli-
cation example, which permits a simple comprehensive explanation of the procedure.
The second application example is the production of components for a car rear axle
drive.

The focus here is on the acoustic emission of this drive during operation—a quality
feature relevant to the customer that depends upon many components, component
properties and in particular their tolerances. When the acoustic emission increases
customers sense the generation of noise in the vehicle as annoying. If it lies below a
vehicle-specific limiting value, then the drive noise will rarely be noticed.

The aim of optimisation is to meet the quality demands of the customer without
additional cost and increased production costs. Increasing production flexibility to
afford faster and efficient response to deviations will ensure the product quality and
a relaxation of unnecessarily tight component tolerances favouring a homogeneous
functional performance can reduce both fabrication costs and time.

This secures the competitiveness of the production. To achieve this, the inter-
dependences between tolerances and product function fulfilment (here: low-noise
power train) are analysed and fed back into the appropriate processes.

The application of cognitive methods in acquiring and evaluating production data
and also generating decisions to optimise the production scenario is paramount in
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the application examples. Production data is evaluated with the aid of graphical data
processing methods, modelling of the production processes is carried out by Artificial
Neural Networks and the determination of process parameters is implemented by the
cognitive architecture Soar as the core of optimisation software that can take decisions
autonomously on the basis of control systems knowledge and practical knowledge.

In order to attain maximum production flexibility the capability of learning rapidly
from available data is implemented in addition. Existing knowledge is updated via
learning algorithms and the learning process when creating models is systematically
supported and accelerated with quality management methods.

First the tasks and challenges of the developed cognitive software are derived. In
Sect. 6.2.2 the motivation for the research projects and also the specific research ques-
tion are derived from these, via which a contribution towards resolving the polylemma
is evolved. Section 6.2.3 includes state-of-the-art techniques for self-optimising ap-
proaches to closed-loop control of process chains against the background of the
polylemma to be resolved. The detailed work in the research projects is introduced
in Sect. 6.2.4. This is divided according to the steps in human cognitive information
processing. These comprise the cognitive extraction of information from production
data, the analysis and interpretation of influences of specific feature characteristics
upon the production results along with generating decisions to determine production
parameters on the basis of knowledge and information, and also processes in order
to learn from the combination of selected parameters and targeted results for future
situations. Data mining processes are employed for analysing the data. The cognitive
architecture by Soar is employed for decision making. Artificial Neural Networks
are employed for illustrating cause-effect relationships and reinforcement learning is
evaluated as learning process. In conclusion the industrial relevance of the solution
concepts is evaluated in Sect. 6.2.5, before providing an overview upon the future
research topics in Sect. 6.2.6.

6.2.2 Motivation and Research Question

The entrepreneurial task in design and production consists in optimising the liquidity
ratio between the market demands and the properties of the products taking into
account economic aspects. This means that a highest possible liquidity ratio is not
to be striven for in principle, but that the constraints of the optimisation task, such
as product pricing, throughput time in the process or the flexibility of a complete
production on a company-specific basis are to be taken into account in all areas
universally (Schmitt et al. 2007).

In the result a best possible quality of a product at best possible cost is to be
delivered. Quality can be accessed from different points of view. Garvin differentiated
the transcendental (subjective), the product-related, the customer-related and the
value-based understanding of quality (Garvin 1984). The different views lead to
various assessment results, since different criteria interact with each other, such as
e.g. costs, functionality and service life. Objectives result from the various criteria



706 R. Schmitt et al.

for consideration and constraints which in combination form a multi-dimensional
optimisation problem.

6.2.2.1 Tolerance Allocation in the Actual Process Chain

Tolerances in particular have a significant influence upon the perception of product
quality, and upon the requirements and costs of production stemming from this.
Quality demands determine and specify the subjective and objective functionalities
of an overall product (Schmitt 2010).

Functionalities of a product arise due to the combination and/or interaction of its
components, which in turn may be specified by their properties. A typical compo-
nent property is its geometry that is defined by geometric dimensions and tolerances.
Figure 6.4 shows the essential aspects of tolerances in the product life cycle: ac-
cordingly the product functions to be implemented are translated into geometries,
nominal dimensions and tolerances in the design and construction phases of a prod-
uct, which are the significant parameters in the assessment of the product components
throughout the product development. These transformations are necessary since the
fabrication according to the current state of art proceeds geometrically-based. The
design of products or rather components is continued via the assembly of parts or
components to form a sub-assembly through to the overall product (Jorden 2007).
However the geometry is rarely the entire quality feature in the eyes of the customer,
but the function that results from this. Geometries are however always prone to de-
viations in manufacture, that confronts designers with the task of specifying suitable
dimensions and tolerances for components, so that the function of the sub-assembly
or the overall product can be ensured and all customer requirements are at the same
time taken into account optimally.

The area of tension in which the designer operates is characterised by two essential
poles: firstly the functional capability must be ensured. Secondly the production
costs rise with the requirements upon individual product properties (e.g. Accuracy
of physical dimensions (Merget 2004; Jorden 2007)). A conflict of targets between
production costs and a risk of dimensional deviations arises. Depending upon the

Manu-
facturing

> ,
=112 | x| e — I
CorE—.] |7 T
= Definition of dimensions, ® Influences of the process ® Cumulated Influences of = Consequences e.g. early
tolerances and spread and capability the geometric dimensions failures, noise, optic

requirements

Fig. 6.4 Tolerances throughout the product life cycle



6 Self-optimising Production Systems 707

PDP Order processing

\:requency

Deviation

Order processing

Specifications S ge T Production process l
H Deviation Deviation
Controller

Fig. 6.5 Production control of a component

Frequency

outcome of this conflict the compromise reached will lead either to quality problems
on the product side or to cost problems on the manufacturing side. Geometrical
product tolerances of product components are therefore one of the most frequent
causes of quality problems in industrial manufacture (Scherms 1998).

Tolerance deviations occur with a distribution depending on the quality of the
production process. Figure 6.5 shows the distribution of the tolerance deviations as
an example of a production process for an individual component. With the aid of an
effective production control (closed-loop) system the process quality was able to be
improved and the probability of a tolerance deviation reduced. The precondition for
this is the knowledge concerning the causes of deviations. The influence of tolerance
deviations upon a product may be described by a loss function (Taguchi 1990). The
loss function specifies the costs arising from a deviation from the optimum dimension.
The loss function may be employed to decide for instance, at what dimensional
deviation is re-work economic or the component must be treated as a reject. In
most cases the production processes for individual parts of a product are controlled
and optimised to the closest possible dimensional accuracy independently from one
another.

A loss function example is shown in Fig. 6.5. The costs rise disproportionately to
the deviation magnitude.

If the product or sub-assembly comprises several components, it is often possible
for the deviations in down-stream process stages to cancel out, for example during
assembly (Fig. 6.6).

For this reason, components typically from well controlled processes having a
very small deviation from the target dimension are employed. Due to assembling
these components based upon dimensions, dimensional deviations can be cancelled
out and therefore rework prevented.

Due to the possibility of cancelling out deviations in individual components, the
potential for optimisation arises. In order to exploit this however the loss functions
can no longer be considered individually, but must be combined as multi-dimensional
functions. This is for example practised in the assembly of roller bearings.
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To achieve an optimum accuracy of fit between inner ring, rolling elements and
outer ring a pairing by means of the dimensions achieved in the fabrication is car-
ried out. Pairing is possible, since to fulfil the roller bearing function optimally the
tolerancing of the individual components is not important in absolute terms, but is
important relative to one another.

Figure 6.7 shows an example of the pairing between outer ring, rolling elements
and inner ring carried out when manufacturing a motor car clutch release stop. The
rolling elements must be manufactured with extreme dimensional accuracy and must
enable the deviations arising from the pairing of outer ring and inner ring to be
cancelled.

Outer ring

Inner ring
. Rolling
Fig. 6.7 Assembly of a roller element :
bearing by pair-selection by Deviation compensation

means of rolling elements
(e.g.: Clutch release stop).
(Schmitt 2000)
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Fig. 6.8 Cost functions of bearing rings and rolling elements

This dimensional pairing of the individual parts permits cost-effective fabrication
by simple component pairing, but nevertheless enables high precision bearings to be
manufactured (Niemann et al. 2005).

Figure 6.8 shows the individual cost functions for the dimensional deviations in
rolling elements and bearing rings on the left. The three-dimensional plane function
shows the interactions of both cost functions. It clearly points out that there is a broad
area for minimising the cost function, which may be attained by pairing individual
components.

To establish the cost function it is necessary to be able to specify the relationships
between individual deviations and the costs arising mathematically. Many produc-
tion processes for demanding products however suffer from the lack of adequate
knowledge of the relationships between production parameters and the functional
performance of the component. Multi-faceted interdependences and a linking of sev-
eral parameters are often present. An example of this is gearbox production, wherein
the functional performance is characterised by dimensional stability, efficiency and
acoustics. These dimensions may be influenced by numerous parameters in material
choice, fabrication and assembly. In addition we are confronted by the challenge,
that the functional parameters cannot be controlled individually, but in most cases
stability, efficiency and acoustics are influenced interactively (Brecher et al. 2008d).
It is not possible to establish an analytically minimising cost function.

Complex processes such as the gearbox production selected here as an application
example consequently require methods that extend beyond simple pairing. A closed-
loop control system is needed that can coordinate the various individual processes
in parallel. Such a closed-loop controller is illustrated in Fig. 6.9 as an example for
a bevelled gear wheel and ring gear pair. When the cause-effect relationships are
unknown the closed-loop control system cannot however be reproduced analytically.
In this case it is necessary to be able to simulate the cause-effect relationships in the
production process via a model. A classical closed-loop controller is not possible.
In this case it is necessary to be able to simulate the cause-effect relationships in the
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production process via a model. If an appropriate modelling mechanism is possible,
an optimisation strategy is needed, which with the aid of the process model creates
parameter suggestions for the production, with which the various defined goals can
be fulfilled. As a result the targets that specify the product functional performance are
of central significance. Subordinate aims such as for example tolerances of individual
components, may be exceeded to a limited extent, if this can correct the result of
another production stage in relation to the functional performance of the finished
product.

Focusing upon the functional performance of the product beyond the features of
individual components may be achieved by means of a self-optimising closed-loop
controller. This is able to call into question also higher-level structures and inter-
dependences. Classical approaches focus solely upon the optimisation of individual
parts of the process (Pfeifer et al. 2003).

As part of this project a self-optimising system will be developed that enables
processes to be controlled, whose analytical transfer functions are not known. The
system is able to adapt itself flexibly to the process to be controlled and to adapt also
to control targets, when this results in a higher level functional performance.

To realise this self-optimising system it is necessary to model the production
system to be controlled and to take decisions for a closed-loop controller based
upon the data generated by the model. Cognitive technologies are employed for
modelling and decision-making. In particular this enables complex processes and
ever-changing basic conditions to be optimised flexibly due to its inherent learning
ability. The research question that arises from the starting position and the specified
goal is formulated as follows:

Can cognitive technologies control production processes having a number of inherent interde-
pendences more flexibly, faster and using resources more efficiently, than planned production
systems?

The work carried out is derived from this research question. This discusses, how and
by which methods and techniques the possibilities of cognitive processes may be
transferred to the challenges of optimising a complex production system.
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6.2.3 State of the Art

Self-optimising control circuits can execute multi-target optimisation autonomously
by open-loop and closed-loop applications that deploy cognitive technologies. There-
fore an overview of existing approaches to self-optimisation in research is given
below.

Existing technologies having cognitive character may be applied in data-recording
and interpreting and also decision-making, while data-mining methods are being con-
sidered for recognition of cause-effect relationships. Artificial Neural Networks act
as tools for modelling processes to evaluate Soar-generated decisions, prior to being
utilised in the production system. The cognitive architecture by Soar is introduced at
the application level for the optimisation. This is already employed in various appli-
cation areas for generating decisions and implementing learning processes (Sutton
and Barto 1999; Lehman et al. 2006).

6.2.3.1 Closed-Loop Control Systems in Production
and Self-optimising Approaches

The application of closed-loop control systems is one of the value-based approaches
and is utilised widely in industry at all levels of a company. Closed-loop control
systems secure a corrective response when deviations from the target value occur in
products and/or processes. Closed control-loops within the operative level aim at e.g.
the condition of product features, by monitoring the maintenance of tolerances as
closed-loop control systems near or inside machines (Conventional process control)
The process concept of closed-loop control however must be broadened in the case of
its application in quality management in contrast to the process concept of classical
automatic control technology. All activities are described here by processes that
influence the product development. Consequently a component of the control loop
can also be people, machines and engineering processes, a method, products or
materials and external influences in the work environment, such as the temperature
or the humidity (Takeda 2009). The range and degree of difficulty of applications
is increasing with an increasing complexity of modern products and heightened
customer demand for a multiplicity of diverse variants. Companies are confronted
with the challenge of reconfiguring their production systems into highly flexible,
adaptable units, with which extremely individual products and the process variance
resulting there from can be controlled.

Autonomous production systems pursue the goal of being able to adapt auto-
matically to changing input conditions with the greatest possible precision (Among
others: Pfeifer and Schmitt 2006; Chryssolouris and Mourtzis 2004). The monitoring
scope of the closed-loop control circuit must be widened correspondingly in order to
be able also to synchronise individual targets autonomously with one another across
all processes. A Self-optimising production system pursues the goal of implementing
the desired autonomy of the production systems, by carrying out the following steps
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in a recurring cycle, according to the definition by Gausemeier et al. (Gausemeier
et al. 2009):

* Analyse the current situation
* Determine the (new) system targets
* Adjust the system behaviour

The Collaborative Research Centre ‘Self-optimising mechanical engineering sys-
tems’ (Adelt et al. 2009) as originator of this definition is admittedly concentrating
upon mechatronic systems, thus primarily the product side, but offer among other
things procedural models and tools along with practices, the use of which is also
conceivable in production. In this way various methods of data analysis, a cognitive
architecture having a ‘Predictive algorithm’, which is similar to an integrated model
of the system to be controlled, possible future conditions are taken into account and
various approaches for modelling and decision-making are employed. It is broken
down into ‘numeric processes based on a priori defined models of the physical sys-
tem behaviour’ as well as ‘Learning methods and planning procedures based upon a
black box specification of the system behaviour, which is arranged in part with the
aid of accumulated experience’.

The Collaborative Research Centre ‘Autonomous production cells’ (Pfeifer and
Schmitt 2006) along with further approaches by Mitsuishi et al. (2004) utilised an
integration of physical process models in the machine control and installed model-
based machine operation and monitoring as a constructional addition to this. Complex
machining processes should be able to perform using optimal resources incurring
minimum faults over longer time periods. Autonomous production cells do not have
the possibilities of self-optimising production, since they do not have autonomous
target adaption or decision-making.

The consideration of comprehensive influences during evaluation and decision-
making requires a new approach, taking due account of this with the concept of
a ‘cognitive automation’ (Onken and Schulte 2010). This concept is applied for
example in the guidance of unmanned vehicles and also the control of virtual aircraft
in flight simulation (Jones et al. 1999), which admittedly is comparable with an
automated production in some aspects, but is only conditionally transferable.

With the so-called ‘Cognitive factory’ (Zaeh et al. 2009) there are approaches
in research, to utilise cognitive mechanisms successfully in fabrication systems. All
stages of the manufacturing processes are combined in the cognitive factory by means
of EDP (e.g. Via Auto-ID-Systems such as RFID (Radio Frequency Identification))
and the information flow is implemented continuously from the customer require-
ments through to the delivered product, so that communication from component to
production machine can be effected. Key areas of activity in the cognitive factory
are:

Intelligent design: The CAD system provides knowledge regarding the capabilities
of the production system employed. This avoids the need for long redesign-loops
and for machines that are only used seldomly.
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Artificial cognition in assembly scheduling: Production systems are equipped with
their own planning capability. Thus new work sequences may also be generated and
evaluated.

Cognitive assistance systems in assembly: Cognitive assistance systems permit the
assembly robots to be adapted flexibly to the operators. By dint of this the operator
can integrate flexibly with the robot. The robot detects the operator status and adapts
its process steps correspondingly.

The individual modules in a cognitive factory are equipped with engineered systems.
These comprise sensors and actuators for interacting with the environment, along
with techniques for implementing perception, interpretation, learning and planning.
The aim is to design engineered systems so that “they know what they are doing”.

Technion (Israel Institute of Technology) is also grappling with the challenge of
automated planning of assembly scheduling with the aid of cognitive technologies.
Decisions for assembly scheduling are based upon a holistic model of the assembly
process that takes into account both technological and economic aspects (Denkena
and Shpitalni 2007).

The Fraunhofer-Institute for Optronics, Systems Technology and Image Assess-
ment IOSB has developed a data mining tool for decision support in the production
sector with ProDaMi (Assumed a company specialising in Data Mining). Data min-
ing algorithms capable of learning enable intelligent evaluation of production and
systems data. The goal is to generate knowledge capable of making decisions. The
project makes it possible to recognise complex interdependences in production pro-
cesses, but does not enable systems to be modelled and is unable to make independent
decisions.

To implement a self-optimising system for closed-loop control of complex
production processes technologies for the following functional areas must be
employed:

+ Data analysis
* Modelling
* Optimisation

The state-of-art of the technologies applicable here are as follows.

6.2.3.2 Data Mining for Cause-Effect Relationships Analysis

Prior to the actual closed-loop controller the data to be processed is analysed. The aim
of the analysis is to recognise interdependences within the data and also to simplify
the issues to be addressed by reduction of data to information sources relevant to
the issues. Methods borrowed from the data mining area may be employed for this
analysis.

Data mining is known as the recognition and extraction of non-trivial and previ-
ously unknown patterns from huge amounts of data. In addition various statistical
and mathematical methods are utilised. Data mining itself is divided into five
sub-categories (Hand et al. 2001):
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Explorative Data analysis
Pattern recognition
Content recognition
Descriptive modelling
Predictive modelling

kW=

In the case of explorative data analysis large amounts of data are browsed, whereby a
priori no knowledge exists upon the data searched. In the context of pattern recogni-
tion the challenge is to recognise typical or atypical patterns in the data investigated.
With content recognition structures within the data similar to patterns which are
known and already identified, are sought. Descriptive modelling aims to find de-
scriptions for the existing data sets, with predictive modelling additional attributes
to the value are to be deduced with the aid of the existing attributes. Various methods
such as classification or regression are employed for predictive modelling (Hand
et al. 2001). One of these classification methods involves decision trees, which are
seen to be especially attractive to categorise within the data mining for the following
considerations:

1. Decision trees can be generated without additional inputs from the user

2. Compared with alternative methods decision trees can be generated in a very short
time (Shafer et al. 2005; Gehrke et al. 2000)

3. The model quality of decision trees is very good (Michie et al. 1994; Murthy
1995; Lim et al. 1997)

4. Decision trees offer a very intuitive presentation format (Larose 2005)

6.2.3.3 Artificial Neural Networks as a Modelling Tool

Modelling of (production) systems may be carried out by various modelling types
and tools according to the intended application. The requirements upon a model in
the environment under consideration however include in particular the demand for
calculability executed by software. This is necessary in order to be able to evalu-
ate computer-based optimisation proposals, prior to being employed in the actual
production. This renders the application of a mathematical model desirable, which
consists of the equations for specifying the system behaviour (Unbehauen 2008).
This is not possible in the case of severely non-linear production processes, which
are characterised by complex interdependences of many parameters and in addition
must take account of various stochastical influences. The creation of mathematical
models having explicit information of the system-specifying equations is not possible
in this case or not possible with justifiable computing time. They are therefore unable
to be employed for production control in real time. This also applies to the application
example of the manufacture of rear axle drives which is considered here. Black-
box models such as Artificial Neural Networks offer an alternative: although their
behaviour follows mathematical laws, they do not need explicit information of the
behaviour-specifying equations, since they can learn their behaviour numerically
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from sample data (Weinmann 1995). Artificial Neural Networks are therefore ideally
qualified to be deployed for modelling purposes in the current application example.

Artificial Neural Networks are based upon the functionality of biological net-
works as information-processing systems. In 1943 McCulloch and Pitts described a
neurological network for calculating logic and arithmetical functions that may be de-
ployed also for pattern recognition. In 1949 Hebb created the Hebbsche learning rule
for representing neural learning procedures. In 1960 a network was introduced with
ADALINE (Adaptive linear Neuron) that uses delta rule learning for echo filtering
in analogue telephones (Levine 2000; Golden 1996).

Following the introduction of Linear Associators by Kohonen in 1972 a non-linear
neuron model was used in 1973 and Werbos defined the Back-Propagation method
in 1974 for implementing a learning procedure. Mathematically based models of
neural networks were developed by Grossenberg in 1976, prior to his developing
an architecture for Artificial Neural Networks with Carpenter (Gurney 1997; Doren
2007; Miiller and Reinhardt 1995; Zakharian et al. 1998)

The structure of an Artificial Neural Network in general comprises neurons ar-
ranged in layers, which exhibit links between layers. Artificial Neural Networks are
characterised by these neurons, the architecture (structure of the layers, their nodes
and the relevant links), the activation functions of the neurons and also the learning
algorithms used.

Artificial Neural Networks have undergone specialised further development
depending upon the challenges confronting various applications: (Ddren 2007)

* Approximation of functions, e.g. Perceptron (Rosenblatt 1958)

» Image and speech recognition, e.g. The Kohonen Network (Kohonen 1984)
* Classification of patterns, e.g. Cooper’s RCE (Zakharian et al. 1998)

* Prognosis, e.g. Perceptron (Rosenblatt 1958)

* Compressed storage, e.g. RAM

» Noise suppression, e.g. Adaline87 (Zakharian et al. 1998)

The Multi-Layer-Perceptron (MLP) was developed for approximating functions and
for prognosis and is applied also in the software architecture introduced here. The
sigmoid function is proven and widely used for activation (Kinnebrock 1994).

The network training function enables it firstly to anchor the interdependencies
between input and output data to be mapped into the network. The Back propagation
method (Error feedback method) is employed with MLP networks for this purpose.
The Back propagation process is therefore defined as follows: “The term Back Prop-
agation denotes the backwards propagation of an error signal through the network”
(Nauck et al. 2002). The method attempts to reach a minimum deviation between
calculated and actual trained results. Additionally the output pattern arising in the
Artificial Neural Network is compared with a target and an error calculated from
this. This error is then fed back into the network so that each internal unit is able to
calculate its own error and thus to modify the individual weightings, so that the error
is minimised (Nauck et al. 2002).

Neural networks can be found in many areas of production technology, in particu-
lar in process monitoring (Eversheim et al. 2006), such as e.g. in process monitoring
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and control of thermal spraying (D&éren 2007) as well as monitoring tool wear (Fries
1999; Rehse 1999) and for decision support in grinding processes (Liao and Chen
1994).

6.2.3.4 Optimisation by Cognitive Technologies

Various algorithms are suitable for creating decision trees for deployment in produc-
tion technology. An approach is chosen as optimisation technology in light of the
present problem, which is designated as simulation-supported optimisation. In this
case an optimiser and a process model are necessary for implementing the actual
self-optimising closed-loop control. The optimiser generates parameter proposals,
which are evaluated subsequently by the process model (among others in Fu2002). In
simulation supported optimisation simulation programs are employed for determin-
ing optimisation results (Sauer 2003). Here optimisation means seeking to achieve
a desired process result by varying input parameters or variables. In contrast a con-
ventional optimisation cycle achieves this by manual analysis of various process
variants. For economic reasons however the process is not carried out physically at
each optimisation stage, instead a numeric process analysis is brought into play, or
the process is executed with the aid of simulation technology, or Artificial Neural
Network, modelled in the computer. A number of strategies and algorithms are avail-
able for varying the parameters. With simple challenges a sensitivity analysis can
be invoked (Assem 1986), and by these means the qualitative relationships between
process parameter and result can be determined. Because of severe non-linearity
and oscillations the target function is not practicable in the case of actual, com-
plex production processes. Various investigations have revealed that it is sensible to
separate optimising algorithm and process model completely. This separation also
enables combinatorial optimisation procedures to be employed in which the relation-
ships between process parameters and process result may be completely unknown
(Becker 1991). Many modern optimisation systems are founded upon this concept,
such as for example the Optimisation Shell by GreSovnik and Rodi¢. When aided by
various combinatorial methods it offers the possibility of optimising diverse metal
forming engineering problems automatically (GreSovnik and Rodi¢ 1999; Posieek
2005).

Soar’s cognitive architecture is suitable as an optimiser in the application examples
described here. Soar is based on the KI systems GPS and OPSS, in which intelligence
according to the principle of rationality is understood as the optimum achievement
of targets. In Soar target-oriented problem-solving takes place as heuristic search in
problem spaces. The search is affected through successive applications of operators
until the target state is reached. In expanding classical planning systems the problem
space search is built into a complex decision cycle. Soar is a condition-oriented
program language, whose programs do not have a fixed sequential execution, but
comprises rules that specify the space of possible conditions and the possible actions
therein (Lehman et al. 2006; Laird and Bates Congdon 2008). The Soar program
operates within the possibilities stipulated by the rules to reach a specified goal
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automatically. Initially the system acts like a random-based Monte-Carlo optimiser,
but with advanced run-time the program learns from successes and failures and thus
shortens the time required to solve the problem (Nason and Laird 2005).

6.2.4 Results

The challenge of solving the research question includes firstly the synchronisation
of the technical dimensions in a company-wide closed-loop control system and sec-
ondly, an organisational dimension for coordinating all participants. This necessitates
especially robust processes that are synchronised with one another. In particular the
synchronising of processes with one another requires powerful approaches within a
highly dynamic company environment. The implementation of closed-loop process
control is effected by structured design of quality control systems in the company—
and beyond the company’s boundaries—by adopting analogies from closed-loop
control techniques. Process-oriented closed-loop quality control supports the prepa-
ration and implementation of permanent competitive process landscapes, which adapt
to the diverse and dynamic situations invoked by information and material flows
(Schmitt et al. 2009a). This adaptation is effected by auxiliary tools from the cogni-
tive sciences, which can recognise the information necessary for adaptation within
all prevailing production data. As a result cognition provides the basis for the appli-
cability of a closed-loop control system that will act upon this information. However
while a classical closed-loop control system addresses the transfer function of the
control loop, the closed-loop control process in the approach adopted here is carried
out by a decision-making function by utilising self-optimising mechanisms, which
constitute the various elements within the closed-loop quality control system.

6.2.4.1 Cascaded Closed-Loop Quality Control Systems

By designing closed-loop quality control systems to be deployed universally through-
out the company relevant information can be distributed and used at the right time at
the right place according to requirements. By intermeshing and linking closed-loop
quality control systems at various levels in company unambiguous rules for decisions
and escalation routines at engineering and organisational levels emerge. The contin-
uous alignment between actual and target state enables continuous improvement to
be institutionalised in the company.

By considering the processes at the various levels of the people and departments
involved by means of cascaded closed-loop control systems, not only the improve-
ment of individual partial aspects is ensured. On the contrary all the targets based
upon the market demands from the company processes out to the finished products
at the customer along with the extraction and recycling of user data will be achieved.
Closed-loop quality control systems institutionalise this knowledge (Fig. 6.10).
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Fig. 6.10 Cascaded closed-loop quality control systems

The approach deployed makes use of the economic specification of tolerances
against the background of the challenges discussed. Information from individual
processes should be fed back to the correct points in the process chain with methodical
support. Conclusions upon correlations in the manufacturing process are compiled,
process and product parameters can then be adapted across all individual levels
according to the situation. This adaptation allows individually specified parameters to
be controlled and in this way the idea of self-optimisation with continuous alignment
of target and actual states and the derivation of actions there from is realised.

6.2.4.2 Cognitive Information Processing

To execute closed-loop control across all levels, which adapts a target system au-
tomatically to the requirements of the various company levels, it needs intelligent
coordination of the data flows, procedures for extracting exploitable information
from the available data (knowledge extraction), and the preparation, making and val-
idation of decisions. Conventional closed-loop control technology reaches its limits
especially when making decisions autonomously. Making decisions to implement
self-optimising production is comparable to human decision-making in its require-
ments. The engineering implementation of a self-optimising closed-loop production
control in the style of human decision-making is the goal of the research. The engi-
neering implementation of human decision-making is the cognitive science sphere
of work and is explained in more detail as follows in the context of having transferred
the procedures to the area of activity described.

The scientific definition denotes “Cognition” as a generic term for all processes
and structures, which carry out the perception, classification and evaluation of facts
and also decision-making (Strohner 1995). An example of this is human information
processing: all actions that the human being executes in his environment are charac-
terised by first perceiving the stimuli, then processing and subsequently acting upon
these. This scheme is adapted and deployed here (Fig. 6.11).
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Immediately after acquiring the information, the perception, the information is
processed. At this point the information acquired is first interpreted on the basis of
knowledge and experience and a decision is then derived. Finally the information is
output, i.e. decisions upon actions are implemented. The action executed represents
a direct influence of the perceived environment, so that the cognitive closed circuit
recycles.

Cognitive science pursues the aim of simulating this human information pro-
cessing with the greatest possible precision by means of engineered systems. These
engineered systems are called cognitive technologies. As part of the research work
an architecture is being developed in which various cognitive technologies are em-
ployed. When developing the architecture the goal is to combine and shape the
cognitive technologies, so enabling self-optimising closed-loop production control.

6.2.4.3 The Cognitive Tolerance Matching Architecture (CTM)

An essential requirement upon cognitive architecture for implementing a self-
optimising production system is modelling the production processes to be optimised.
The architecture must be able to generate production parameters, which can be eval-
uated by means of the process model. Also in order to adapt flexibly to varying basic
conditions, the architecture must be equipped with an inherent learning capability.

The architecture developed enables self-optimised control of production processes
by cognitive technologies. In addition it is being modularised according to the model
of the processes and necessary functions of the human problem analysis and decision-
making. It is composed of various problem-based modules, each representing parts
of the overall process. The technologies of the individual modules may be selected
individually with regard to the issues to be solved.

The architecture is designed as illustrated in Fig. 6.12. The perception and op-
eration layer serve to exchange data and commands directly with the production
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system, while the central core of the architecture contains the elements necessary for
the optimization. These provide the problem analysis and modelling, the decision-
making (hence the actual optimization) and the mapping of knowledge with the aim
of permanent storage and coordination of the individual elements. These tasks are
represented respectively by their own modules or levels.

The Perception layer serves to acquire and forward sensor data and is employed
as interface for the production system. Product and production data is acquired at
this point. Implementation in engineering terms corresponds to a connection to the
machines and measuring instruments. The perception layer makes the data available
to the other modules with which these act, as a bundle and according to demand.

Coordination module communication between the various levels and modules. It
provides the data employed and initiates the processes that are carried out by the
other modules. In addition it forms the interface for direct interaction with the user.

The Analysis module provides the preliminary analysis of the data considered.
It carries out e.g. correlation analyses and data reduction, in order to identify the
essential data and keep the model complexity as low as possible, but nevertheless
sufficiently accurate. The rules utilised for the optimisation are extracted on this
basis.

The Modelling module is employed for mapping cause-effect relationships in
production systems. It serves to predict results of individual production stages, which
must be evaluated as a part of optimisation. In the modelling module both analytical
and black-box models may be employed. Artificial Neural Networks are employed
in the context of the previous implementations in light of a problem unable to be
mapped analytically.

The Optimisation module creates the optimisation strategy autonomously and
implements the flexible response to external influences. It deploys software by Soar in
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essence, to make optimisation decisions on the basis of adaptively expandable closed-
loop control knowledge, and to adapt the production system behaviour autonomously
by learning processes.

The Knowledge module is responsible for saving and making available the relevant
data, which maps the knowledge necessary for the optimisation. This comprises both
the rules that are applied in Soar and also the data (input and results), which has al-
ready been deployed in the actual system and thus may be considered as substantiated
data points.

The Operation layer serves to implement the optimisation decisions made and acts
as interface for the production system. Parameters are transferred to the production
system via this interface, so that the resources concerned are regulated to the target
communicated to the closed-loop control system. The aim in a production (system)
being deployed is to be able to implement the control commands via automated
interfaces directly by means of the resources.

The interaction between the individual modules begins with the data acquisition
in the perception layer. In this case it concerns both the process data from production
machines and the measurement data from various sections of the production process.
This data is distributed by the coordination module to the individual modules in the
architecture. In the next stage the optimisation module generates a parameter proposal
for a subsequent stage based upon the current data. This proposal is transferred
together with the current process data to the modelling module by the coordination
module. The modelling module then generates a prediction for the process result
targeted in this case. The coordination module sends this prediction result back to
the optimisation module, where it is evaluated in relation to target achievement.
Further parameter proposals are then generated, until a result deemed satisfactory
in accordance with the requirements for the optimisation module is reached. The
parameters thus found are then output to the operation layer by the coordination
module and from there accordingly deployed in the production system.

Production Mapping in the Modelling Module

The software generated here enables various tools to be integrated for process mod-
elling by dint of its modular design. In light of the characteristics of the problems
specified Artificial Neural Networks were chosen to evaluate the optimisation pro-
posals, since although their behaviour follows mathematical laws, they do not require
explicit information for the equations specifying behaviour, since they are able to
learn their behaviour numerically from sample data (Weinmann 1995). Artificial Neu-
ral Networks therefore offer ideal conditions for deployment for modelling purposes
in the present application example.

Artificial Neural Networks

Artificial Neural Networks have been developed to simulate the behaviour of
biological nerve cells by engineering means. They are able to learn a behavioural pat-
tern by established training data. As aresult they are able to map technical facts such as
for example the behaviour of a production process. They have been developed for var-
ious applications customised depending upon the problem (See Sect. 6.2.3), wherein
the multi-layer perceptron (MLP) was developed for approximating functions and
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prognosis and also applied in the software architecture application presented. The
multi-layer perceptron comprises an input and output layer with respectively n and
m neurons. In addition it possesses intermediate layers. Each neuron is connected
with all neurons in the surrounding layers. The sigmoid function is of particular
significance as the activation function, since it is continuous and enables non-linear
functions to be mapped in Artificial Neural Network applications (Ddren 2007).
Artificial Neural Networks are characterised by these neurons, the architecture (Com-
position of the layers by their nodes and associated links), and the activation functions
of the neurons along with the learning procedures deployed.

The back propagation method (see e.g. Gurney 1997) is deployed for training the
MLP network in the present context, which is ranked among supervised learning
procedures. By feeding back errors of the training phase, it moves each inner entity
to the layer to calculate its own error and to modify its own weighting so that the
error is minimised (Nauck et al. 2002). This capability is used here to train networks.
Training Artificial Neural Networks with the back propagation method in the appli-
cation functions in such a way that they optimise their internal transfer functions
against the target by adjusting weightings and activation values, based on data from
input parameters and results there from provided for learning purposes, to produce
output data having the least possible differences in relation to the given input values
of the data. Consequently the prediction quality of the network is improved with
the number of available substantiated data points, therefore operating points in the
present case. As a result Artificial Neural Networks are also able to model non-linear
interdependences.

Process Modelling with Artificial Neural Networks

Artificial Neural Networks are currently deployed successfully in many application
areas, which may be both discrete event-based and continuous in nature. In the
present application they are deployed to optimise process and product parameters in
multi-stage process chains. This concerns producing components for rear axle drives,
for which industry experts from the individual parts of the processes employed are
working on a comprehensive deterministic model as the basis for the optimisation.
The number of parameters considered and also the number of unknown cause-effect
relationships is cause for restricting the optimising processes to individual aspects of
production. Artificial Neural Networks have been identified as an approach, which
dispenses with the expensive creation of process models and nevertheless is suitable
for assessing results of production under known conditions, provided the possibility
is provided to train the network by means of adequate data (Dittmar and Pfeiffer
2004). Comparison with regression analytical calculations also reveals the poten-
tial of Artificial Neural Networks to be able to map non-linear interdependences
very sensitively also. An additional advantage of Artificial Neural Networks is the
possibility of being able to map current changes by regular training.

Architectural Aspects When Modelling

Artificial Neural Networks can be deployed as black-box models, in which the inter-
dependences and mapping rules do not have to exist provided in explicit mathematical
terms, but are learned numerically. This reduces the model creation to taking into
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account the essential characteristics of the present problem when creating basic struc-
tures of the neural networks. A mathematical specification of interdependences of the
variables considered is not necessary, since the cause-effect relationships between
the variables considered are learned automatically and deployed by the neural net-
work. A “Supervised learning” procedure is deployed with back propagation in this
case, with which an Artificial Neural Network can adapt its behaviour concerning the
adjustment of the transfer functions. Consequently only its composition is relevant to
the capabilities of Artificial Neural Networks, comprising the architecture of neurons
and layers along with the links, the activation functions and the learning methods
deployed. If multi-layer perceptron networks with sigmoid function and also back
propagation as learning function are employed, only the neurons of the individual
layers along with the number of layers remain to be determined Therefore the input
layer consists of n neurons, whereby n is the number of input parameters, and the
output layer of m neurons, where m represents the number of output parameters. De-
pending upon the problem complexity the formation of the middle layer(s) (called
hidden layers) is still to be determined. This is affected in particular cases specific to
the problem and is substantiated by appropriate studies, in which learning rates and
deviations in results are compared (Pfeifer and Schmitt 2006).

Accelerating the Learning Process of Artificial Neural Networks by Means of
Statistical Methods

To deploy Artificial Neural Networks as auxiliary resources when optimising produc-
tion systems in real time, the speed of adapting to the given conditions is an essential
aspect to consider. In addition to the required quality of results the demands upon de-
ployment include the processing speed (Response time) as well as the time required
to train a network with the actual conditions of the production to be optimised or to
encounter deviations between calculated and actual result, as the internally mapped
interactions of the model are updated.

In this connection the critical factor is “time”, but not only dependent upon the
processing speed of the network, but also of the production system to be mapped,
the real time data for operating points to be learned must be made available. If this
data must be generated only by trials in the production system, additional costs arise,
which are to be minimised through reduction of the experimental expenditure by
systematic design of experiments.

To accelerate the learning process of Artificial Neural Networks, aiming to set this
up as rapidly and efficiently as possible, an efficient tool for reducing the experimen-
tal costs can be adopted from the area of six-sigma philosophy with the Design of
Experiments (DoE). DoE includes various methods for systematic planning, execu-
tion and evaluation of trials for determining and mapping statistical parameters and
their effects and interactions (Schmitt 2010). It helps to determine systematically the
optimal parameters for processes subject to variation of the influences relevant to the
process result. The aim in deploying this method is to obtain meaningful information
and optimal process parameters with the lowest number of trials possible.

For application in the actual implementation experiments were planned and car-
ried out systematically with the aim of comparing the learning process of neural
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networks (a) by applying DoE and (b) in conventional training. Artificial Neural Net-
works were deployed to determine parameters when assembling a shaft-hub joint in
experiments conducted. A trial for calculating a transmittable torque has shown that
the experimental expense was able to be reduced to 18 data sets taking as a starting
point a conventional training run with 56 data sets from components actually con-
structed, whereas the prediction accuracy of the experimental results of individual
parameter sets reduced by only 2% in the actual example (From 2.5-4.5% in the
selected results range between 80 and 120 nm: 8 data sets determined systematically
with DoE, 10 equidistant selected data points; the requested data points were not
part of the training data).

In the experiment cited an Artificial Neural Network was first of all trained ran-
domly with production data. The aim was to assess the ability to transmit torque
on the basis of materials and tightening torques when screwing together a shaft-hub
joint (an actual example is described in Sect. 6.2.4.3.2). A further Artificial Neu-
ral Network was trained by deploying DoE, wherein first the data on attribute and
value ranges was investigated and then an experiment was designed. This exper-
iment enabled known data points to be evaluated systematically as relevant. The
data stemming from this then served as training data for the second Artificial Neural
Network.

In a second experiment the whole spectrum of the results range of available data
sets was utilised. The prediction accuracy of the Artificial Neural Network was
compared (a) with training and validation with all 56 data sets available, (b) by
deploying DoE with 8 data sets and subsequent post training with an availability of
16, 24 and 56 data sets. An Artificial Neural Network type MLP was deployed with
one hidden layer, 3 input neurones and one output neurone, each fully connected
with all neurons of each neighbouring layer, and by employing back propagation
training each with 10,000 runs.

By means of the 56 data sets a prediction accuracy having a mean deviation
of 4.2% was able to be achieved and after deploying DoE with only 8 data sets a
mean deviation of 8.4%, (b) whereas the prediction accuracy with increasing num-
ber of training data sets (c) rose further likewise to 4.2% and thus to the level of
experiment (a).

The learning curve for the prediction accuracy thus climbs at an early point
substantially faster than when carrying out the conventional experiment.

If this system is deployed purposely in the training phase of Artificial Neural Net-
works, previous data is available that can be deployed for a training run (Fig. 6.13).
This acceleration in the start-up phase is only detrimental to the prediction accuracy
to a minor extent and incomparably better results can be achieved than with the ran-
dom choice of training data far earlier than with conventional methods. Therefore
the learning curve of the prediction accuracy climbs at an early point substantially
faster than when carrying out the conventional experiment and nevertheless can be
increased in further trials within the range possibilities, which conventional exper-
iment additionally offers. Translating this to an application example of an actual
production system time (reasonably good predictions available earlier) and money
(experimental expense) are saved.
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Fig. 6.13 Learning curves for artificial neural networks

Limits when deploying DoE however lie in the properties of the functions for
mapping the interdependences. With a larger number of parameters and/or a non-
linear function or a function able to approximate linearity only with large error,
deployment must therefore be substantiated by studies. The DoE leads to a greater
increase of the learning curve, but the prediction accuracy remains dependent upon
the data employed.

Decision-making in the Optimisation Module

The scientific findings were established using, amongst other things, a specific shaft-
hub model. This was based on a simplified problem suitable for developing and
evaluating the cognitive architecture. In this respect, the ability to transfer a pre-
determined torque from the shaft to the hub represents the required functionality
(product function). Here, the use case exhibits the property of controlling the trans-
mission of torque through various influencing variables which influence each other
through interactions. The software controls the assembly parameters for the shaft-
hub connection so that the connection is capable of transmitting a required torque,
but slips at a defined maximum load. Hence, the connection fulfils the function of a
slip clutch or predetermined breaking point, which helps protect other components
from excessive stress and the damage this can cause.

During the assembly process for the shaft-hub connection, the individual assembly
parameters are adapted dynamically by the CTM software so that the transmissible
torque or the torque required for the connection to slip is achieved regardless of the
dimensional stability of the shaft and hub used. In detail, the connection is comprised
of two hubs fixed onto one shaft:

Figure 6.14 is a schematic of the connection setup. The lower hub (hub 1) is
connected with the shaft via a tapered interference fit. In this respect, the strength of
the connection is determined by the tightening torque of the screw used to fix the hub
to the shaft as well as by the material and design parameters. The upper hub (hub 2) is
connected with the shaft via a three-jaw chuck. Here, the strength is determined by the
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Fig. 6.14 Shaft-hub
demonstrator r

Shaft

Chuck jaws
Collar 2 (chuck)

Collar 1 (press fit)

jaw material and the tightening torque of each screw. To simulate the predetermined
breaking point, both hubs are fixed to one another and rotated against the shaft. The
torque transmitted, i.e. the functional feature of the connection, can be measured.

The individual parameters for influencing the transmissible torque are dynam-
ically calculated by the software. For this purpose, the assembly process for the
shaft-hub connection is split into different subprocesses which are controlled by the
software on a step-by-step basis. The individual steps are

* Hub 1 is predefined in each case,

» Selection of shaft,

» Assembly of tapered interference fit,

* Optional: measurement of the torque already achieved through hub 1,
* Selection of jaws and

» Assembly of the three-jaw chuck.

Thus, with respect to the assembly process, there is a wide variety of parameter
variation possibilities that are calculated by the software and need to be checked.
These variation possibilities allow a response to variations in the process, e.g. varia-
tions in the dimensional stability of the individual components. The Soar optimiser
generates possible combinations of the individual assembly parameters, from which
the modelling module extrapolates a resultant maximum torque. Next, the optimiser
evaluates the torques provided by the modelling module with regard to the objectives
to be fulfilled and varies the assembly parameters until the modelling module returns
a result that meets the desired component function.

With reinforcement learning, the CTM system has an ability to learn that reduces
the required queries of the modelling module and thus the computation time required
for already known or similar starting situations (shaft-hub combinations).

Implementation of Reinforcement Learning in Assembly of the Shaft-Hub
Connection

To be able to make an “intelligent” decision as to which of the actions or operators
integrated in the Soar code should be selected, reinforcement learning is used. Rein-
forcement learning denotes a learning process based on reward and punishment. In
Soar, positive or negative rewards are issued depending on whether an agent achieves
its objectives and these rewards are allocated along the decision-making path that
led to the corresponding result. The agent is thereby able to quantify the benefits
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of a decision and thus, step by step, learn the optimal way to achieve its objectives
(Nason and Laird 2005; Sutton and Barto 1999).

At first, the agent makes random decisions about the subsequent operators. Once
the agent has completed the search, the result is evaluated and reward points are issued
for the decisions made depending on whether the objectives are met. The number of
points awarded for fulfilling a particular objective can be fixed or freely selected by the
programming. In the example of the shaft-hub production, dynamic point allocation
was chosen. The nearer the operators bring the agent to the desired target torque, the
higher the reward for the selected operators. Formula 1 shows the calculation for the
rewards (r) as a function of the difference from the target torque (diff).

_ max(r)
"T Wi+ D diff+ )

In further iterations of the agent, operators with high preferences are chosen more
often. To avoid a situation where supposedly poor operators, or operators that have
not yet been tried, are never selected, selection of a certain percentage of supposedly
poor operators is always rewarded with a lower number of points. The frequency of
selection of such operators can be freely determined. Experiments with 10 and 30%
are presented below. This maintains the balance between exploration (undiscovered
possibilities) and exploitation (of current knowledge).

6.1

Evaluation of Reinforcement Learning Using the Shaft-Hub Model

For evaluating reinforcement learning in respect of the shaft-hub production, a multi-
step approach is selected. In the first step, there is no variation of hub 1 (tapered
interference fit). On this basis, both the learning algorithms integrated in Soar are
evaluated using Sarsa and Q-Learning. In the second series of experiments, hub 1 is
varied too. The Sarsa and Q-Learning algorithms are analysed with a variable hub 1
as well.

Rewards points are distributed both after hub 1 assembly and after hub 2 assembly.
For the transmission behaviour of the first hub, with 39—-63 Nm transmissible torque,
a comparatively greater range is considered able to fulfil the function. Ideally, the
total torque should be 105 Nm; deviations of +/— 7 Nm are permissible. The agent
receives positive rewards within these limits and negative rewards outside them. The
points are issued according to the degree to which the objectives are met, as per
formula 6.1.

In generating parameter proposals, it is important that new values are also gener-
ated in addition to the combinations already tried and tested. This is the only way to
ensure that the optimiser does not just stick with in one local optimum, thereby leav-
ing a potentially more favourable parameter combination undiscovered. Furthermore,
a balance between tried and tested and new proposals facilitates a flexible reaction
to variations in the production system. This deliberate selection of new parameter
combinations is known as an indifferent selection strategy. In the experiments de-
scribed here, the most widely-used procedure (Nason and Laird 2005) was selected
using the epsilon-greedy method. This method provides the facility to specify an ¢
value of between 0 and 1 as the probability that new parameter combinations that
deviate from the prioritisation will be selected. An ¢ of 0.3, therefore, means that in
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Fig. 6.15 Learning success without variation of hub 1

30% of cases, a new proposal will be selected (Nason and Laird 2005; Rummery and
Niranjan 1994). Accordingly, when setting the value for ¢, it is necessary to weigh up
in each case whether the increasing flexibility produced by a higher ¢ is necessary, or
whether the efficiency of the optimiser is reduced too much through more frequent
testing of alternative parameter proposals. Frequently varying processes tend to re-
quire a higher value for ¢ whilst with very stable processes, the value for ¢ can be
reduced.

Experiment 1: No Variation of Hub 1

With no variation of hub 1, the success of reinforcement learning can be measured
at a very early stage. In carrying out the experiments, two learning algorithms were
evaluated using Sarsa and Q-Learning. In addition, the learning rate ¢ was varied
between 0.1 und 0.3. Figure 6.15 shows an example of this for Sarsa and an ¢ of
0.1. The diagram shows the transmissible torque resulting from the proposals of
the optimisation module for hub 1 (torque 1) and the torque transmissible by both
hubs together (total torque) across the total number of proposals executed. In all
experiments, a significant improvement in the result quality is revealed after only
approximately 100 proposals. With this learning success, the modelling module
needs to be requested to find adequate assembly parameters less often, hence a result
can be achieved in less time.

Figure 6.15 shows that over the entire length of the experiment, there are strong
fluctuations in the predicted torque. These fluctuations are inevitable due to the use
of the indifferent selection strategy and they enable a flexible response to changing
boundary conditions. To compare the learning success of the various algorithms
and the learning rates, the mean values and standard deviations of the calculated
total torques are compared once at the beginning of the experiment and once at the
end of the experiment. The study shows that after numerous experiments, a high
epsilon also results in strong fluctuations of the predicted torque. This is reflected
in an increased standard deviation of the values proposed by Soar (see Table 6.1).
However, no significant differences due to the learning algorithm used are observed.

Experiment 2: Variation of Hub 1
If, in addition, the parameters of hub 1 are varied, this results in a significant in-
crease in the complexity of the problem. The Soar program for manufacturing and
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Table 6.1 Mean value and standard deviation without variation of hub 1

Learning algorithm Epsilon Tests Mean value (Nm) Standard deviation
(Nm)

Q-Learning 0.1 1-30 89.67 17.23

Q-Learning 0.1 1,000-1,030 104.35 6.94

Q-Learning 0.3 1-30 97.58 16.73

Q-Learning 0.3 1,000-1,030 101.94 9.76

Sarsa 0.1 1-30 91.68 19.46

Sarsa 0.1 1,000-1,030 103.45 6.27

Sarsa 0.3 1-30 100.84 12.13

Sarsa 0.3 1,000-1,030 106.32 8.31

assembly of the shaft-hub connection contains approximately 100,000 rules. Due to
the substantial increase in the number of parameter combinations, it takes longer to
reduce the deviations of the total torque resulting from the proposals. A significant
improvement in the result quality can be measured after approximately 2,000 pro-
posals. Figure 6.16 shows an example of a learning curve for Q-Learning and an ¢
of 0.1.

Similar to the experiment without variation of hub 1, the graph shows strong fluc-
tuations in the torque reached across the entire process. The fluctuations are much
more pronounced over the first 1,000 tests. For a quantitative comparison of the
learning success, as with the above tests, mean values and standard deviations are
determined under variation of the algorithm and the &. Compared with the permis-
sible tolerance of &= 7 Nm, an ¢ of 0.1 generates very good values. With an ¢ of 0.3,
the standard deviation of the total torque achieved increases significantly. In this
experiment, which is characterised by a much higher problem complexity compared
with the non-varying hub, Q-Learning exhibits significantly better results than Sarsa
(see Table 6.2).

Rapidly identifiable learning success in relation to the possible parameter com-
binations is essentially connected with the distribution of reward points for interim
results. In this case, the procedure makes it possible to evaluate unfavourable interim
results, i.e. in this instance, the torque transmissible through hub 1, in advance. Thus,

Q-Learning - Epsilon=0,1
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Fig. 6.16 Learning success with variation of hub 1
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Table 6.2 Mean value and standard deviation with variation of hub 1

Learning algorithm Epsilon Tests Mean value (Nm) Standard deviation
(Nm)

Q-Learning 0.1 1-30 92.85 18.41

Q-Learning 0.1 10,000-10,030 103.46 6.25

Q-Learning 0.3 1-30 97.42 15.23

Q-Learning 0.3 10,000-10,030 104.89 7.01

Sarsa 0.1 1-30 100.43 14.09

Sarsa 0.1 10,000-10,030 104.26 8.99

Sarsa 0.3 1-30 100.73 15.52

Sarsa 0.3 10,000-10,030 103.00 11.39

the potential, but not necessarily instrumental, degrees of freedom are effectively re-
duced without categorically excluding them through fixed rules or restricting the
flexibility of the optimiser.

Generally, however, when using interim results, it is important to carefully check
that, disconnected from the previous settings, they do not lead to interferences
between the new and the previous settings.

Conclusion
Evaluation of reinforcement learning in the shaft-hub connection model is impor-
tant for application of the CTM system in real industrial applications. These are
usually characterised by greater complexity, i.e. a higher number of varying pro-
duction parameters. Without an effective learning process, an optimiser with no
physical model would not be able, within a practical period of time, to determine
the production parameters that ensure the functional performance of the product to
be manufactured.

However, the use of reinforcement learning in the shaft-hub model also demands
a considerable amount of memory. At the beginning of optimisation, Soar initialises
the learned value of each possible state with zero, i.e. the higher the number of
possible states (in other words the number of possible parameter combinations), the
greater the memory requirement of the optimisation program. The manufacturing
software for the shaft-hub demonstrator requires up to one gigabyte of working
memory depending on the degree of discretion of each parameter. The memory
requirement increases exponentially with the concatenation of subprocesses. For
this reason, preliminary analysis using data mining (see 6.2.4.3.3) is essential.

Another way to reduce the memory requirement, and thus also the computational
complexity, is to split the Soar optimiser into several independent agents that process
different sections of the production process. To create a working interface between
the agents, it is important that only the information relevant for the next step is passed
on. Since this can only happen reliably at certain points in the process, the use of
multiple Soar agents must be tested in each case.

Data Analysis in the Analysis Module

The data recorded in the perception layer forms the basis for decision-making in the
optimisation layer. Decision-making is implemented by the Soar cognitive architec-
ture in cognitive tolerance matching. Both the effectiveness and the efficiency of
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decision-making decreases exponentially with an increasing number of parameters
to be optimised (“curse of dimensionality”, (Priddy and Keller 2005)). Hence for
parameter optimisation that is useful in industrial practice, it is necessary to reduce
the parameters to be optimised as much as possible.

In terms of parameter reduction, the challenge lies in identifying the parameters
that have a significant influence on the product feature to be controlled. Often a large
number of parameters, such as tolerances, dimensional measurements or machine
settings, are available and their precise influence on the product feature to be con-
trolled is not fully known. A prerequisite for controlling process chains with cognitive
tolerance matching is to consider all relevant parameters that have an influence on the
feature to be optimised. If a relevant parameter is not taken into account, the existing
dependencies cannot be uncovered. With respect to data analysis, the challenge lies
in reducing the scope of consideration by non-relevant parameters.

In the context of data mining, there are various statistical methods for interdepen-
dence analysis of large amounts of data. These make it possible to identify data or
parameters that have a significant influence on the product feature to be controlled.
As part of the research work, various data mining methods, including correlation
analyses, principal component analyses and various classification methods, were ex-
amined for applicability in the cognitive tolerance matching system. A methodology
was developed that can be established upstream of an optimiser in such a way that
the optimiser only has to consider a greatly reduced number of parameters and hence
the memory requirement and performance of the optimiser remain within practical
limits, but the relevant area of the parameter space is covered.

Decision Trees as a Method of Data Mining
Based on the advantages described in Sect. 6.2.3, decision trees were identified in a
preliminary study as the data mining method most suitable for CTM and thus were
evaluated in detail.

Figure 6.17 shows an example of a decision tree for the quality of a shaft-hub
connection. A decision tree is a directed cycle-free graph with a tree-like structure

<=26 >26

<=03 >03 AL St

Fig. 6.17 Illustration of a decision tree
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comprised of a root, edges, nodes and leaves. In the tree, each node denotes the test
for an attribute, each edge indicates the result of such a test and each leaf represents
a class. A decision tree makes it possible to intuitively visualise dependencies in
relation to a product feature to be examined. At each node of a decision tree, all
the available attributes are ranked. The attribute that is most useful for partitioning
the tuple at this node into classes is selected as the test criterion. In the relevant
literature, this test criterion is also known as the splitting criterion (Han and Kamber
2006; Agrawal et al. 2004).

In the leaves, the quality of the connection is rated using values between 5 and
8. The nodes and edges quantify the influencing factors that lead to achievement of
a particular quality class. Hence a connection with a torque of 50 Nm, for example,
and an angle of 31° is rated with an 8.

Evaluation of the Method

With respect to the applicability of data mining algorithms in general and for decision
trees in particular, the effectiveness of the various algorithms was investigated using
actual industrial data. The data used for this was from the industrial application of
BMW rear axle drive production. In gathering the dataset, the aim was to use data
mining to identify the parameters that have a significant influence on the acoustic
behaviour of a rear axle drive. Therefore, ideal acoustics is the product feature to be
optimised by the CTM system. In a quality control loop, the acoustics is the control
variable.

To decide which parameters to include in the study, expert workshops were held
at BMW in order to select all variables that, in the experts’ opinion, could influence
the acoustics. As a precautionary measure, all parameters whose influence could not
be ruled out were also selected. In total, 193 different parameters were identified in
the expert workshops. To gather the full database with respect to these parameters,
80 rear axle drives were produced and measured completely. The resulting data
thus consists of 193 different measured and preference values which represent the
process chain of production of a rear axle drive for the optimisation variable “acoustic
behaviour”. Figure 6.18 shows the distribution of the identified parameters along the
process chain of rear axle drive production.

Metrics

3D Coordinate measuring

Contact pattem testing Measuring Acoustic test bench

Car assessment
Waachen Strablen Waschen v Waschan

Hardening Lapping parameters Assembly

Process parameters

Roll testing

Fig. 6.18 Influencing parameters
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Table 6.3 Assignment of acoustic test bed and evaluation indicator

KPI <=5
KPI =>7 3,75 4 4,25 4.5
1,5 X X x x
1,75 X X X X
2 X X x x
2,25 X X X X
25 X X X X

The acoustic behaviour of a drive is evaluated using a subjective key performance
indicator (KPI) between 1 and 10. The aim is to achieve the highest possible value
for the rear axle drive acoustics. A value greater than or equal to 7 is deemed ex-
ceeding requirements and a value smaller than or equal to 5 is generally perceived
by customers as annoying and they would complain.

The KPI is heavily influenced by the subjectiveness of the test participant. For the
sake of objectification, the measured values of the acoustics test bed were assigned
to various KPIs. To this end, first the measured structure-borne sound signals of the
acoustics test bed were standardised and then totalled for all measured axes. The
measured values cannot be rigidly assigned to the KPIs because slight deviations
may arise depending on the perception of the examiner making the evaluation. To
compensate for subjective deviations, Table 6.3 was developed as an experimental
design for variable assignment. The table shows 20 possible assignments for acous-
tically unobtrusive drives (KPI greater than or equal to 7) and acoustically obtrusive
drives (KPI smaller than or equal to 5). The crosses each stand for one possible
assignment of the limits for obtrusive and unobtrusive drives. The numbers represent
the standardised and totalled measured values of the acoustic test bed. For example,
the cross on the left on the first line means that a measured excitation smaller than 1.5
indicates an unobtrusive drive and a measured excitation greater than 3.75 indicates
an obtrusive drive.

The evaluated measurement variable of the test bed is the integrated amplitude
of individual frequency bands that can be perceived as annoying in the vehicle. To
avoid subjective influence with respect to the evaluation indicator rating, decision
trees were created for all 20 possibilities. For creating the decision trees, the three
open-source methods “information gain”, “gain ratio” and “Gini index” (Han and
Kamber 2006) were evaluated, along with “Accuracy”, a proprietary method of the
“Rapid Miner” software used. Combining the four methods presented with the 20
possible evaluation indicator assignments produced, in 80 validation runs, decision
trees which formed the basis for parameter classification independent of potential
method influences.

The results from the analysis of the data mining process show that these vary
considerably from method to method. Due to the significant differences in the data
structures of various industrial applications, valid selection of a single method is
not possible at this point in time. Automated use within a CTM architecture for
prioritising the data gathered is therefore not feasible. The challenge in selecting the



734 R. Schmitt et al.

method suitable for the data to be examined lies in not knowing the relationships
within the existing data. If it is not known whether, or in what way, dependencies
exist between individual parameters, then precise selection of a suitable method of
analysis is not possible. Hence, combining the individual methods was investigated
as a possible solution. Adding up the results of the individual methods across all 20
evaluation indicator combinations clearly highlighted certain parameters so it can
be assumed that these are of greater relevance. For example, the circumferential
backlash and the block size of the gear set were identified as the most influential
parameters with respect to the acoustics of the rear axle drive. A feasibility test by
the experts at the BMW Group has confirmed the parameters obtained through data
mining are appropriate. Industrial application of the methods therefore also seems
thoroughly appropriate. However, this cannot be automated as yet; preparation with
the help of the experts is needed.

Using data mining and decision trees in this way, complex process chains can
be analysed with a variety of parameters that are considered relevant. Identifying
subprocesses and individual parameters that have an increased influence on the prod-
uct feature to be optimised only enables a cognitive optimiser to be used for those
subprocesses.

Control Via the Coordination Module

To coordinate the individual tools, a comprehensive module has been installed that
forms the interface to the user, controls execution of Soar programs as well as those
of the modelling module and is responsible for the data exchange between individual
modules. In real-time control of a production system, the coordination module also
connects the production system, and thus the production machines, by transmitting
the settings and control commands created for actions via the operation layer.

Soar Sequential Control

A Soar program is executed in “steps”. Each step involves the execution of one Soar
rule and thus the making of a decision. Between the executions of individual steps, it
is possible to make Soar data available, or to read data from Soar. The coordination
module controls the sequence of the individual Soar decisions and is responsible for
the data exchange to and from Soar. For controlling a Soar agent, there is a C++
library which makes it possible to load Soar codes and execute them step-by-step as
well as read and describe the individual variables of the Soar working memory.

Modelling Module Control

Similar to optimisation module control, the coordination module controls the data
exchange between the modelling module and the other components. In the specific
implementation of the software, the modelling module is represented by the artificial
neural network software SNNS (Zell 1994). SNNS stands for “Stuttgart Neural
Network Simulator” and simulates the components and processes of neural networks
using technical means so that they may be recreated using a computer. SNNS allows
artificial neural networks to be exported as a software library that can be linked
directly to the coordination module and enables batch-based execution and querying
of network actions.
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The coordination module uses these functionalities and can access the relevant
SNNS data and functions directly through specially designed interfaces in order to
execute high-performance network queries. In addition to purely querying a network,
the coordination module supports post-training of an existing network during run
time. Hence in the event of deviations between a value predicted by the artificial
neural network and a real measurement result, the network can be post-trained using
the relevant data points (i.e. measurement results). The functionality provided by
SNNS was extended accordingly for this purpose.

Storage of Knowledge and Experience in the Knowledge Module

Knowledge is provided in cognitive tolerance matching within Soar and by artificial
neural networks. Soar provides two concepts for representing knowledge in the form
of a long-term and a short-term memory:

The long-term memory stores operative knowledge for forming the problem
spaces and control knowledge for controlling the search processes consistently in
the form of productions.

The Soar memory model (Fig. 6.19) provides a more precise description of the
long-term memory: it is divided into the semantic, the episodic and the procedural
memory. Declarative knowledge, i.e. semantic and episodic knowledge, is organised
in the form of so-called semantic networks. Short-term knowledge is represented
by attribute-value lists which are grouped together to form objects. The short-term
memory forms the working memory where all information processing takes place.
The short-term memory is characterised in particular by its limited storage capacity.

Long-term memory
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Fig. 6.19 Soar memory model
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Long-term information must therefore be transferred into the long-term memory.
Short-term memory is often referred to as working memory. The short-term memory
processes the current to-do tasks.

The uniform representation and access mechanism as well as the ability to struc-
ture the working memory into areas means there is a strong similarity to blackboards.
The open design of the working memory allows the addition of any modules that
can use this memory, or an assigned segment thereof, for information exchange and
coordination.

Information processing involves two phases. In the first phase of the knowledge
search, applicable long-term memory productions which operate on the working
memory fire. On the one hand, this process leads to the generation of new objects
which can in turn allow other productions to apply. On the other hand, preferences
emerge and vary, and these are then used in the second phase for control with respect
to the further application of goals, problem spaces, states and operators.

In the second phase, based on the current knowledge in the short-term memory
and with additional help from existing preferences, the decision procedure selects
an operator and applies this to the associated problem space. Through successive
application of operators, either the goal is met at some point or a dead end is en-
countered. In this case, a subordinate goal is generated and its task is to direct the
search process out of the dead end. If a dead end cannot be resolved this way, then
the problem space reverts to independent mechanisms such as backtracking (Laird
and Bates Congdon 2008).

Through the use of reinforcement learning, the knowledge base is dynamically
expanded during run time. The learned knowledge is taken into account when further
decisions are made, thus reducing the likelihood of reaching a dead end (Nason and
Laird 2005).

The knowledge about cause-effect relationships in the model is stored in artificial
neural networks which serve as a black box model. To this end, using saved data,
artificial neural networks are trained to calculate or estimate results for possible
input parameters of the production system. If the input parameters are applied to a
calculated result in real production, the real result obtained can be compared with the
calculated result. If a significant difference is discovered, the model is updated with
the corresponding newly acquired data through the learning process used, hence the
newly acquired knowledge is added to the implicitly stored pool of experiences.

Data Acquisition by the Perception Layer

As a provider of information to the CTM architecture, the perception layer is de-
pendent on the processes and machines to be controlled. The perception layer’s task
is to acquire all the characteristic variables of a production process that are consid-
ered relevant. Preliminary data analysis in the analysis module and optimisation by
the control software requires the continuous recording and digital availability of all
relevant production data. However, the challenges in this respect lie not only in the
interfaces that must be created between the production means and the IT systems
concerned, but also in interpreting the data in order to obtain useful information
from it. Often, data is not available as concrete figures and thus not in a form that can
be immediately analysed; instead, it often needs to be converted from a qualitative
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Fig. 6.20 Contact pattern of a ring gear

form into quantifiable values before the data, classified by the experts as potentially
relevant, can be analysed in terms of its significance.

Hence when assessing a rear axle drive, for example, the contact pattern (Fig. 6.20)
is an important evaluation indicator. The contact conditions of a gear set pair are
visualised using contact pattern paste. Based on the quality of the tooth flank contact,
conclusions may be drawn regarding, for example, the acoustics of a drive. However,
to date, evaluation of the contact pattern has not been automated; instead, it has been
conducted by trained staff and is therefore always subject to subjective influences
and evaluation criteria. The evaluation results vary depending on the examiner and
are therefore only suitable for further digital processing to a limited extent.

It is therefore necessary to evaluate this data deterministically and thus create
reproducible evaluations. In the specific use case of the rear axle drive, an image
processing system for automatic contact pattern recognition is developed. The mea-
suring device is equipped with cameras to create colour images of the tooth flanks.
Once the image has been captured, the tooth flanks are detected and extracted. Using
a variety of graphic image processing algorithms, the contact patterns are identified
and classified so they can then be converted into binary matrices. The relevant param-
eters of the contact pattern of rear axle drives are determined using these matrices.
These parameters are optically recorded by the developed measuring device, they are
captured by digital image processing and are thus used as input parameters for the
optimisation software. In the next step, they are used by the analysis module which
identifies relevant characteristic variables with the aid of data mining algorithms for
the production process.

6.2.5 Industrial Relevance

The boundary conditions for the manufacturing industry in high-wage countries have
changed immensely in recent years. Due to increased global competition, besides
the demand for high-quality products, the demand for cost-effective production pro-
cesses, in particular, has also grown. Many companies are no longer able to meet
these challenges in Germany and are shifting their production to low-wage coun-
tries. There, lower wages and social security contributions as well as economies
of scale through cost-effective mass production are leading to an apparently higher
productivity (Pfeifer and Schmitt 2006; Beckmann 2009).
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Another global trend is that customers are increasingly demanding individualised
products available to them within a very short period of time. This is particularly evi-
dent in the automotive industry where customers are able to amend the configuration
of their vehicle even shortly before its delivery (Lindemann 2006; Krause 2007).

So, successful companies must be able to adapt quickly to individual customer re-
quirements which, in addition to short lead times, also requires an increased flexibility
in production as well as stable processes (Pfeifer and Schmitt 2006).

Manufacturing processes for technically sophisticated products, in particular, in-
creasingly have such complex dependencies between a high number of variable
production parameters with an influence on the product to be produced that those
relationships can no longer be fully comprehended. This leads to decreasing process
stability. Production processes must be continuously optimised to achieve the desired
product features and tolerances. However, these boundary conditions do not allow
any last-minute product variations and, in addition, the processes are often not ide-
ally designed because they can usually only be optimised in parts, especially in the
case of multi-stage production processes. This results in the separate optimisation of
individual elements of a system without the ability to fully assess the interaction of
these changes with respect to the properties of the final product (Best 2010).

Function-oriented optimisation of the end product is more effective than opti-
mising individual production steps. This is possible if individual targets, e.g. the
dimensions to be obtained, can be adapted dynamically within the production pro-
cess. That way, the superordinate goal, namely the functionality of the product, can
be achieved.

For one thing, this kind of dynamisation of key process parameters will help reduce
costs because individual tolerances can be selectively expanded without overlooking
the required product features. For another thing, the flexibility of the production
process will be greatly increased with respect to product modifications.

Self-optimising production systems are a crucial method of dynamisation. They
allow value stream-oriented approaches to be adopted whilst at the same time en-
abling planning efficiency to be increased through the transfer of previously acquired
knowledge into similar scenarios within production engineering. This facilitates
brand new approaches for both production and assembly systems that constantly anal-
yse and evaluate the current situation and dynamically adapt the system to changing
goals.

Cognitive tolerance matching allows cross-level approaches to be developed in
the field of coordination, planning, control and man-machine interaction. Hence, a
more integrative framework of action is generated, enabling production systems to
self-optimise with respect to different goals. This is achieved through the creation and
implementation of cognitive mechanisms at planning and organisational levels across
processes and process chains and through the creation of the ability to communicate
in the areas concerned.

The business and technology case of rear axle drive production at the BMW Group
in Dingolfing, Germany, is used to exemplify the industrial relevance. At this site,
cognitive tolerance matching is used to optimise the production of rear axle drives
with respect to the acoustics emitted during operation. The rear axle drive selected



6 Self-optimising Production Systems 739

Requirements for the vehicle:

- Sportiness = Stiff bodywork
- Dynamic = Less damping
- Light construction = Low insulation
- Effectiveness = High degree of efficiency

—~———

Requirements for the gear set:

- Minimal stimulated vibrations

- Optimal contact pattern

- Low gear loss

- Optimal adjustment specific to vehicle

—~———

Controlled parameters of the gear set:

— Acoustics
— Resistance
— Efficiency

Fig. 6.21 List of requirements on the Hypoid gear sets for passenger vehicle axle drives of standard
design

for the development of cognitive tolerance matching has a pronounced effect on the
acoustics within the vehicle. It has very complex and multifaceted mechanisms that
generate structure-borne sound which is then transferred to the interior of the vehicle
via the car body. When the noise reaches a particular level inside the car, it may be
perceived by the customers as annoying. The axle drive acoustics can sometimes be
adjusted depending on the vehicle via the axle drive teeth (gear set). This presents
a major challenge in connection with the occasionally contradictory demands for a
high level of efficiency and strength. The vehicle acoustics, and therefore also the
axle drive acoustics, are product features that are important to the customer (see
Fig. 6.21).

Figure 6.22 illustrates the production process. It ranges from production of the
gear set through to assembly and is characterised by many sensitive tolerances with
complex dependencies.

The approach for optimising the acoustics is to optimise the specified tolerances
throughout the entire production process. This means both expanding any unneces-
sarily tight tolerances to save costs and defining the critical tolerances more precisely
to ensure the desired functionality of the end product.

The challenge lies in understanding the process, a pre-requisite for implementing
the right optimisations at the crucial points.
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Differential
assembly

Fig. 6.22 Illustration of the process chain for manufacturing a hypoid gear set

Besides the objective of producing quieter vehicles, it is also important to identify
the influencing parameters relevant for vehicle acoustics in design and production
and to ensure that vehicles can be produced with constant acoustics without spread.
The challenge here lies not just in merely identifying the acoustically relevant vehicle
components and parameters, but, more specifically, in modifying them effectively.
In this respect, the complex acoustic interactions between the individual vehicle
components need to be taken into account.

Figure 6.23 illustrates the impact of cognitive tolerance matching throughout the
entire production process. Firstly, the knowledge gained from production, assembly
and use is fed back into development so that the production parameters can be adapted

Gear set - Axle drive -
manufacturing assembly
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Manufacturing and assembly
tolerance optimization
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Fig. 6.23 Implementation of CTM in the production process
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Fig. 6.24 Conflict between

product variety and efficiency unused

potential

Efficiency

Present state

Diversity of variants

accordingly. Secondly, through cognitive tolerance matching, individual process
steps are interlinked, making it possible to respond immediately to deviations in
the process. Hence, CTM contributes to the continuous improvement process in
production. It also reacts specifically to deviations in upstream process steps, thereby
ensuring the superordinate goal of an optimised drive in terms of acoustics, strength
and level of efficiency can still be met. Thus the focus of deliberations is less on
tolerance-oriented and much more on function-oriented production. Through these
two mechanisms of action, the perceived quality can be both stabilised and increased.

In particular, the demand for increased product variety with increasingly complex
products causes decreasing efficiency of the production process (see Fig. 6.24). For
Germany to continue to be attractive as a production location, production efficiency
must be increased as product variety increases.

The industry has recognised that in addition to focusing on how individual pro-
cesses work, it is necessary to adopt a holistic view of the causal relationships within
the value-adding chain.

6.2.6 Future Research Topics

Research and development in the field of self-optimisation in production and
assembly already offers some promising approaches in the form of specialised
solutions for individual problems. Technologies for implementing self-optimising
applications in production engineering are being identified and successfully applied
both in this and in other related research projects, e.g. in assembly scheduling
(Sect. 6.6) or in production process parameterisation. Here, using self-optimisation
approaches, significant improvements have been achieved in production and compet-
itive advantages have been created. However, the research described herein presents
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just a small fraction of the possible applications that, in theory, can be improved
through cognitive automated systems in production. Accordingly, there are other
research tasks which may yield additional potential for these approaches. Deriving
a systematic approach from the research presented makes it possible to transfer the
methods to other areas of application. In this respect, their use is not limited to the
operational level of a business, but can be applied at the planning and control levels
too and, furthermore, these can be linked with the other levels. The following areas
are therefore suggested as priorities for continuation of the research work:

Development of a control model for the various production engineering applica-
tions within the levels of a company as well as on an inter-level basis: for planning
the implementations of self-optimising control loops and the applications of cog-
nitive components, it is necessary to model the use case as well as the solution
components. For this purpose, analogous to classical control technology, mapping
facilities need to be designed. In this respect, models need to be created in such
a way as to be cascading and able to adapt to the granularity of the respective
considerations.

Development of modelling languages and standards: for modelling the appli-
cations of self-optimising control and regulation systems, it is necessary to
develop modelling standards and languages that can serve as the basis for data
exchange both between the models and between actual applications. The aim is
to create standardised interfaces between the controlling and the controlled com-
ponents. This includes creating semantic links between the individual cognitive
architectures and technologies.

Development of a software architecture as a modular framework: mapping the
software technology in a modular framework allows standardised creation of
control and regulation applications according to uniform guidelines. That way,
different approaches can be concurrently evaluated quickly and easily so that the
respective advantages and disadvantages can be compared instantly. The frame-
work should be created using data structures based on the modelling languages
to be developed.

Further development of existing cognitive technologies: universal cognitive ap-
plications, such as SOAR, 3CAPS and ACT-R, offer significant potential for
cognitive decision-making using technical means. To best exploit this poten-
tial, the capabilities need to be expanded with respect to the issues involved
in production engineering.

Evaluation of technologies for self-optimisation and cognition: the various tech-
nologies and cognitive tools used in the context of the Cluster of Excellence
for implementing self-optimisation should be examined for their applicability in
other cases. Capability profiles are useful in terms of selecting the best tool for the
respective use case. Benchmarking in different applications provides support for
such selection. A systematic selection methodology helps validate the decision
for a specific technology.

Evaluation and comparison of learning processes: learning processes provide the
basis for generating knowledge from the available data and using it to positively
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influence future situations. Different learning processes demonstrate different
strengths and weaknesses depending on the application and these have to be
balanced out against each other in accordance with the problem. The aim is to
identify and implement stable and efficient learning processes depending on the
application.

» Analysis of the effectiveness of cognitive and self-optimising technologies with
respect to increasing the flexibility of production systems: individual studies
within the problem area in question provide support for computer-based anal-
ysis of the effectiveness of various approaches as well as quantification of both
the effectiveness and the efficiency prior to implementation.

» Cooperation of cognitive systems: cognitive systems must be capable of cooper-
ation in order to be implemented on a cooperative or cascading basis at the same
level. This includes strategy and sequence planning, coordination of a common
component handling approach and the execution of transfers to the respective
system boundaries. In addition to cooperation between machines, this also in-
cludes cooperation between man and machine and thus leads on to the task field
of man-machine interaction.

* Man-machine interaction and cooperation: this includes the development of con-
cepts and technologies for intuitive and safe interaction between man and machine
in order to best combine the respective advantages of the possible scenarios.
Amongst other things, this includes considering the challenges posed by the
demographic change in production.

The afore-mentioned task fields address the question of how self-optimising control
and regulation systems can be most effectively used throughout a production process
in order to enhance the competitiveness of a production operation. This requires
modelling the control loops to be depicted and modelling the specific use case in
order to create a basis for identifying the right technologies for implementing the
control loops. The optimal degree of automation with respect to throughput, flexibil-
ity and scalability needs to be identified through comparative assessment of possible
approaches. In this connection, the optimal degree of integration of conventional sys-
tems and manual activities of human workers also needs to be determined. Changes
in the boundary conditions (throughput, error rate) may also require adaptation of
the production system configuration, even during the production, in order to enable
a faster response to unforeseen interruptions. One example of this is an adaptive pro-
duction line, e.g. in the automotive industry, which allows cognitive automation of
customisable assemblies for multi-variant products with the involvement of humans.

6.3 Integrative, High-resolution Supply Chain Management

Giinther Schuh, Tobias Brosze, Fabian Bauhoff, Niklas Hering, Simone Runge,
Maik Schiirmeyer, Sascha Fuchs and Till Potente
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6.3.1 Abstract

6.3.1.1 Initial Situation and Problem

From the perspective of logistical planning and control, managing the increasing
dynamics in customer-specific production and assembly is the most important chal-
lenge of the next few years (Zdh 2005). Causes of the increasing internal dynamics
are shorter delivery times, greater variety of production and assembly processes
(caused by the increasing product variety) and the use of more complex produc-
tion systems (substitution of capital factor for work factor). The drastic reduction
in delivery times has fundamentally changed the order situation and the capacity
requirements of producing companies (Wiendahl 2006, p. 29 ff.). The necessary
reductions in throughput time have only been made possible by the corresponding
reduction of work in progress. This reduction in stock has necessarily led to more
intensive coupling of the individual product resources. Capacity fluctuations and
process instabilities in one resource thus affect the stability of the overall systems far
more because stock can no longer be used as a buffer. At the same time, macroscopic
industry-wide capacity fluctuations within the supply chain are increasing because
there is no time buffer.

The increasing variation in process chains and times potentially intensify the effect
of the capacity and throughput fluctuations described above. The “average value-
based PPC” therefore no longer fits the requirements (Giinther and Tempelmeier
2007). Conventional planning and control concepts which cannot respond to this
variation necessarily impose further fluctuations on the system. The lack of a buffer
and fluctuating requirements lead to loss of efficiency and increasing backlogs in
production.

Absorption of the dynamics by means of stock levels and decoupling or maintain-
ing reserve capacities for process synchronisation is no longer possible for reasons
of cost pressure and customer-specification of products. In fact, new approaches
for the planning and control of internal and inter-company production processes are
required. These solutions need to cope with the dynamics of processes and capacity
requirements and to incorporate these into the superordinate network and to engen-
der further solutions to absorb the dynamics taking into account commercial and
logistical goals.

6.3.1.2 Purpose of Research

High Resolution Supply Chain Management (HRSCM) describes the creation of a
company-wide information transparency, which includes the interfaces with value
chain partners, with the aim of ensuring product availability through decentralised,
self-optimised control loops in industrial value chain networks. HRSCM pursues
the aim of enabling organisational structures and processes to self-optimise, i.e. to
adjust, according to consistent goals, to constantly changing framework requirements
by means of decentralised production control mechanisms in the form of a cascaded
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control loop model. The designation “High Resolution Supply Chain” therefore
relates to the almost unlimited transparency achieved at practically all levels of the
industrial supply chains through the ubiquitous use of IT.

Information transparency plays a key role in the planning and control of a pro-
ducing company. It is the basis for making decisions about the actual need for action
and also provides support for actions to be undertaken. The central challenges are
the complexity of information and their management along with the effective inte-
gration of human intuition and experience into the control loop of the supply chain
management.

On the basis of adequate information transparency, this project pursues the scien-
tific aim of radically improving the planning quality of planning and control processes
while simultaneously reducing planning times and costs. This can only succeed when
the currently prevailing average value-based planning logic of the MRP II concept
is resolved by a decentralised actual data-based planning logic.

6.3.1.3 Results

To manage the initial situation and to implement the above mentioned aims, a
comprehensive model of cybernetic production management was developed which
represents the structural framework of the HRSCM approach. Furthermore, in order
to enable the systems and subsystems to optimise dynamically and independently,
logics were adopted from control theory and transferred to production planning and
control and the optimisation of company processes.

To create a cybernetic production management model firstly a unified under-
standing of the production system processes to be controlled was required. For this
purpose the processes and information flows involved in technical order process-
ing and the tasks of the order-independent networking and cross-sectional functions
were described The basis was the Aachen PPC model extended by Schmidt, in
which the traditional processes of production planning and control were augmented
by the processes of construction, assembly, dispatch and commissioning as well as
project monitoring and control (Schmidt 2008; Schuh 2006). The result is a process-
orientated illustration of the tasks and related information flows required to execute
the operative order processing processes and thus a description of the production
system to be controlled.

Thereafter the basic structures and mechanisms of a viable and changeable system
were described from the perspective of management cybernetics. The principles, or-
ganisational structures, elements, information channels and mechanisms required by
a cybernetic management system in order to manage the variety of complex system
under dynamic influences were specified. The necessary expansion of the Aachen
PPC model was then defined on the basis of these results with respect to the require-
ments of the cybernetic management theory. It was found that the model needed to
be augmented by the principles of recursiveness, autonomy and synchronisation of
target systems. On the other hand, it was also demonstrated that essential elements
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for the recording and use of high resolution information were as yet insufficiently
defined.

The core of the cybernetic production management model is a reference model
derived from the modules outlined above. Thereby the viable system model served as
a structural template for the variety-orientated development and location of produc-
tion management tasks, processes and information flows within an all-encompassing
production management model. The architecture of the model is based on the order
processing processes as the base units and is divided into four recursive structural
levels. The autonomy principle was taken into account in the allocation of tasks in
a way that in normal cases an order can proceed through the operative processes
without intervention from the management system. To enable a cybernetic exertion
of the management tasks, taking into account the manageability of the subtasks, the
overall system was divided into five management units.

Based on the cybernetic production management model, control logics were ap-
plied to production management. Closed loop systems were modelled to permit
automatic adjustment of the actual parameters. These dynamic adjustments of plan-
ning parameters require minimal planning time due to the high degree of automation
but nevertheless permit high planning quality on the basis of data currency and
granularity.

6.3.2 State of the Art

In the following, a summary of the state of the art in production planning and control
is given. Furthermore approaches to the changeable design and control of production
systems (Sect. 6.3.2.2) are presented.

6.3.2.1 State of the Art in Production Planning and Control

The operative planning and control of production is the core of production manage-
ment. Current PPC systems are the result of various stages of development since
the 1960s. The Order-Point System and Material-Requirements Planning (MRP)
were the first of these development stages. Unlike the Order-Point concept, MRP
is based on deterministic requirements in which part lists and associated gross sec-
ondary requirements are incorporated into the demand planning as influential values
(Dangelmaier and Warnecke 1997, p. 258). The net demands which result in the
order or the initiation of a production order are the result of balancing the gross
secondary requirements with stock levels (Orlicky and Plossl 1994, p. 24). This
material-requirement determination logic is still used today due to its simplicity and
simple calculation algorithms, primarily for push-control of expensive and sporad-
ically required parts (Ahsan et al. 1996; Askin and Goldberg 2002; Kiener 2006).
Closed-Loop MRP was developed in 1969 as a refinement of the traditional MRP
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concept. At the heart of this refined concept is the assurance that all capacities re-
quired to implement the production plan are available (Kurbel and Endres 2005,
p. 135 ).

The term Manufacturing Resource Planning (MRP II) was coined in 1984 by
Oliver Wight (Wight 1984, p. 51f.). Its most important addition is planning ac-
cording to limited capacities. The integration of commercial and sales planning also
enables analysis of implicit and financial aspects in PPC (Ahsan et al. 1996, p. 19).

ERP systems were first developed in the early 1990s, adding accounting-orientated
modules, complex modules for operative production planning and control, mainte-
nance, order management and human resources to the MRP-II approach (Kiener
2006, p. 267; Busch and Dangelmaier 2004b, p. 424 f.). The introduction of ERP
systems and the use of Electronic Data Interchange (EDI) greatly improved communi-
cation and therefore also coordination within the supply chain. However, the MRP-II
concept has some fundamental weaknesses. The centralised and push-orientated
MRP-II planning logic, according to Pfohl, cannot adequately detect or plan the
dynamic processes which frequently occur in a production environment as a result
of problems (Pfohl 2004, p. 160). Weaknesses of MRP-II-based systems include
lack of support for order release, a planning principle based on average values, the
successive planning method and the use of limited partial models. The successive
planning method breaks down PPC tasks into smaller task packages which prevents
holistic analysis and achievement of optimum solutions (Hellmich 2003, p. 208). It
is not possible to plan according to a higher-level commercial target system using
the partial planning approach because of its inherently isolated partial analyses and
reduced computation complexity (Finkler 2006, p. 23 ff.; Hufgard 2005, p. 152 f,;
Kiener 2006, p. 269). Further weaknesses of MRP-II-based PPC systems according
to Kletti are the inadequate analysis of the prevailing load horizon and the actual
capacity exploitation, absence or delay of feedback about order progress, problems
and poor information availability and transparency (Kletti 2006).

Since the 1960s there have been many attempts to expand the MRP-II approach
with the aim of eliminating these weaknesses. At the end of the 1990s, the MRP-
IT concept was supplemented by so-called APS-Systems (Advanced Planning and
Scheduling systems) to make them more useful by systematic improvements in plan-
ning (Gesatzki 2002, p. 1). APS systems are modular software systems which enable
the integrated planning and control of companywide business processes (Albert and
Fuchs 2007, p. 6). Exact mathematical optimisation processes are used for planning
as well as heuristics for bottleneck-orientated planning (Schwindt and Trautmann
2004, p. 5). The use of APS systems makes it theoretically possible to incorporate all
restrictions and available capacities simultaneously into the planning process and to
continually update the plans (Albert and Fuchs 2007, p. 6 f.). Unlike ERP systems,
APS technologies can be used to analyse alternative planning scenarios. In this case
existing problems are not only resolved by increasing the efficiency of processes
towards the customer but also optimizations at the interface to suppliers are taken
into account (Gesatzki 2002, p. 4). APS systems are an attempt to obtain a more
accurate prediction of the future using mathematical models with refined data. The
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Fig. 6.25 The development of PPC concepts. (Meyer 2006)

computational results are nevertheless based on assumptions which do not fit the
dynamic company environment, for example “an average production time per part”.

Figure 6.25 provides an overview of the development of PPC systems from 1960
to the present day.

The following approaches represent the next development stage of the PPC whose
basic characteristics are increasing decentralisation and self-organisation within PPC.

Scholz-Reiter et al. choose as the key issue the correct degree of use of self-control
concepts for logistical processes (Scholz-Reiter et al. 2007, p. 1). The relationship
between the degree of self-control of logistical systems and the stated degree of
complexity to achieve an optimum target was analysed in an evaluation (Scholz-
Reiter et al. 2007, p. 2 f.). The optimum degree of self-control that can contribute to
the achievement of the desired targets can be identified with the help of the concept
of positive emergence. Emergent characteristics of a system develop through the
interaction of system components and not through the characteristics of individual
system elements (Scholz-Reiter et al. 2007, p. 4.). These emergent characteristics
may be quantifiable characteristic values (average throughput times, stock levels,
use of resources, schedule-adherence etc.) or they may represent values which are
not immediately quantifiable (flexibility, adaptability, robustness of the system etc).
The supplementation “positive” in this case relates to the required characteristics and
therefore to the achievement of the declared targets (Scholz-Reiter et al. 2007, p. 5 f.).
The investigation of Scholz-Reiter et al. shows that a moderate use of self-control
concepts has a demonstrably positive effect on production control.

SFB 614 at the University of Paderborn is involved with the use of self-
optimising systems in mechanical engineering. The focus of the research work is
on autonomously-acting technical systems which react flexibly to changing environ-
mental conditions. Besides the establishment of self-optimisation within the scientific
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world, it is necessary to develop a method for the design of self-optimising systems
(Gausemeier et al. 2006, p. 50 ff.).

The so called Hanover School has been looking at production control for some
years. In this case control of the production system rather than the progress of indi-
vidual orders is the focal point. Wiendahl is using basic principles of control theory
for production planning and control to better engage with the deviation of production
logistical processes from production schedules. The use of feedback mechanisms is
designed to increase the speed of responses in the event of problems and therefore to
reduce the gap between the actual and reference values (Wiendahl 2005, p. 348 ff.).
The basic idea of the approach is to balance the planned values generated by the PPC
for in-house and external production with actual production values fed back in the
form of characteristic values. The analysis of the resulting discrepancies can be used
to introduce suitable measures for their reduction with minimum delay. This type
of production control enables target specifications to be achieved more quickly and
more accurately (Wiendahl 2005, p. 348 ff.).

Nyhuis offers an approach wherein the expansion of production characteristics
enables an increase in the degree of synchronisation of production goals. The char-
acteristic curve theory is based on the progress elements which include the working
processes and the throughput time of a production order. These throughput elements
are the basis for different descriptive models, e.g. the hopper model developed
by Wiendahl and the throughput diagram which is based thereon (Nyhuis 2008,
p. 191 ff)).

In a general form, the production characteristics are valid for any production
system. Specific characteristic curves for an analysed working system are possi-
ble however, taking into account additional framework conditions such as capacity,
ongoing orders and the integration of the system into the material flow. Therefore a
mathematical approach for the straightforward production of logistical characteristic
curves for production processes is being developed at the Institut fiir Fabrikanlagen
und Logistik (Nyhuis and Wiendahl 2003; Nyhuis 2008, p. 198). Determining pro-
duction characteristics provides comprehensive assistance in the positioning of target
systems in which relevant relationships between the stock and the throughput time
are placed within a graphical context along with the use of resources in a normalised
case.

6.3.2.2 Viable and Changeable Design of Production Systems

We now present actual approaches which particularly address the question of how
cybernetic principles can be integrated into production systems to increase their
changeability. Unlike conventional methods and general procedures in engineering
or management sciences, system theory and cybernetics do not exclude complexity
by restrictions and simplifying assumptions. It is in fact at the centre of all analyses.

Westkdmper and Zahn present the Stuttgart company model, based on a holistic
production system, which incorporates methods, tools and approaches for improv-
ing changeability in production companies with highly varied series production
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(Westkdmper and Zahn 2009, p. 25 ff.). The Stuttgart company model is a holis-
tic model, which describes companies as complex systems which in turn comprise
semi-autonomous performance units. In order to cope with highly dynamic pro-
duction, decentralised, semi-autonomous organisms (performance units) form the
basis of the Stuttgart company model. The performance unit comprises an organisa-
tional unit of a company of one or more employees, who pursue specific goals using
resources (Westkdmper and Zahn 2009, p. 49 ff.).

The investigations of Wiendahl, which were used within the context of SFB 467,
are aimed at developing a situative configuration of order management in a turbulent
environment. The term order management is used in order to differentiate it from
PPC in terms of planning and control of orders (Wiendahl 2002, p. 18). Turbulence
emphasises the fact that the environment is very unpredictable (Wiendahl 2002, p.
14), which leads to requirement fluctuations and unforeseeable events (Wiendahl
2002, p. 17).

Within SFB 467 Balve is developing a framework concept for the design of
changeable order management systems (Balve 2002) on the basis of the Viable
System Model (VSM). In this case an order management system is defined as an
ideal and/or a real tool, supporting the economic and flexible processing of customer
orders. The model described is incorporated into an overall procedural concept for
changeable order management systems. This comprises the phases of team-building,
situation analysis, target formulation, solution synthesis and subsequent evaluation
(Balve 2002, p. 95 ff.)

Thiem provides another model for the socio-technical structuring of production
systems based on the VSM. In his dissertation the author transfers the concepts of
production control to the communication channels and systems of the VSM. Task
steps and supporting tools (autonomy profile, information flow diagram) are assigned
to stages of the procedural model (analysis of the actual situation, weakness analysis
and development of reference structure). The design of the procedural model is
followed by its application within a medium sized gearbox producer.

Haats proposed a solution for creating a lean computer-supported system for pro-
duction planning and control based on VSM. Sub-concepts are developed from the
overall concept of a lean PPC model. These sub-concepts are appropriated and con-
cretised to form a catalogue of minimum requirements for informational processes.
Haats demonstrates that with increasing decentralisation, while the requirements of
communication support and integrated data access increase, the functional complex-
ity of the communication systems overall can be reduced. The implementation and
effectiveness of the concept is finally demonstrated in a case study (Haats 2000).

Espejo presents further application reports from various authors in his publication
(Espejo and Harnden 1989, p. 103 ff.). The publisher opens the collection himself
with his report on the application of the VSM as a diagnostic instrument within
P.M. Manufacturers, a medium sized electrical engineering production company.
The result of the project is a detailed performance specification. The application
illustrates basic techniques for defining recursion levels and implementing the tasks
of the VSM mechanisms within the organisational context.
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6.3.2.3 Ciritical Evaluation of the State of the Art and Derivation
of the Research Requirement

With regard to the PPC process and its development over time it is clear that
many terms and organisational concepts for management cybernetics have also been
established within operative processes. Therefore the development of the early de-
terministic successive planning models can be tracked to strategies and processes
of self-control and optimisation in production and logistics. Existing approaches
to production planning and control are inadequate for the dynamic processes often
prevailing in today’s production environments. The planning principle of today’s
ERP systems which is based on average values and the underlying successive plan-
ning prevents an integrated analysis of the PPC tasks and in most cases leads to
less-than-optimum planning results. Planning, which is orientated towards an over-
all commercial target system, is not possible with today’s PPC solutions because of
their inherently isolated partial analyses and reduced computation complexity.

The approaches for self-control developed within various scientific disciplines
show that in the analogy of naturally autonomous behaviour, forms of self-
organisation can be transferred to social or logistics systems. The research finds that
self-control strategies are suitable under certain circumstances for the management
of dynamics and complexity in logistical production systems and exhibit a stable
system behaviour. The analysis of the use of self-control strategies in the research
we examined is often based on limiting assumptions with respect to the material flow
structures and relates to simplified abstract models.

In conclusion, there are so far no models for defining in detail a structure for
the decentralised, self-optimised planning and control of production systems and its
incorporation into strategic and normative production management systems.

6.3.3 Motivation and Research Question

According to the state of the art, producing companies these days face an increasingly
turbulent environment along with the associated increasing process complexity with
rigid order processing coordination, which limits their response capability. The lack
of reconciliation of elements within order processing due to the strict separation
of planning and control means that a rigid and inefficient system behaviour has
developed.

The planning and control of customer orders takes place in most companies within
the context of operative production planning and control. Today, these tasks are sup-
ported by IT systems, so-called Enterprise Resource Planning (ERP) or production
planning and control systems (PPC) in most cases.

Particularly planning based on static data (standard restocking times, standard
throughput times etc.) is no longer appropriate in commercial practice as it is based
on average values. The highly dynamic situation can therefore not be managed with
the present planning systematic of many ERP/PPC systems.
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High Resolution Supply Chain Management (HRSCM) however describes the
creation of a company-wide information transparency, incorporating the interfaces
with value chain partners, with the aim of ensuring product availability through de-
centralised, self optimised control loops in the PPC area. High Resolution Supply
Chain Management pursues the aim of enabling organisational structures and pro-
cesses to self-optimise, i.e. to adjust, according to consistent goals, to constantly
changing framework requirements by means of decentralised production control
mechanisms in the form of a cascaded control loop model. The potential of the High
Resolution Supply Chain Management lies in the possibility of achieving a new level
of capacity synchronisation through improved planning and control quality within
the context of the PPC.

The designation “High Resolution Supply Chain” therefore relates to the almost
unlimited transparency achieved at practically all levels of the industrial supply chains
thanks to ubiquitous IT use. Information transparency plays a key role in the planning
and control of a producing company. It is the basis for making decisions about
the actual need for action and also provides support for actions to be undertaken.
Companywide information availability of decision-relevant parameters accordingly
serves as a fundamental basis for the operative planning and control of production
value chains. The central challenges are the complexity of information and their
management along with the effective integration of human intuition and experience
into the control system of the High Resolution Supply Chain Management.

On the basis of adequate information transparency, the project pursues the scien-
tific aim of radically improving the planning quality of planning and control processes
while simultaneously reducing planning times and costs. This can only succeed when
the current prevailing planning logic of the MRP II concept (Hellmich 2002, p. 27 ff,;
Spath et al. 2002, p. 130 ff.; Wiendahl 2002) is resolved by a decentralised ACTUAL
data-based planning logic.

The aim of the sub project “High Resolution Supply Chain Management” is ac-
cordingly limited to the significant increase of the planning quality with simultaneous
reduction of the planning times and costs based on adequate information transparency
in terms of a “High Resolution Supply Chain”. This aim brings us to the following
research question:

How can we structure production planning and control considering the background of dy-
namic framework conditions to achieve a significant increase in planning quality while
reducing planning times and costs?

In the future it will be possible to achieve the subgoal of reducing times and costs by
increasing the rate of automation in data collection with the aid of auto ID technolo-
gies (e.g. with RFID), by situative aggregation and or disaggregation of information
and by the direct availability of planning-relevant data.

The planning quality however is improved by the optimal use of ACTUAL values
(information availability) and by the selection of an adequate level of detail (ag-
gregation level) within the context of appropriate planning and control logics. For
example, improved forecasting with the associated improved planning reliability can
make a substantial contribution to innovative planning and control of a value chain.
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6.3.4 Results

6.3.4.1 Principles

Production management is defined according to Kdmpf as follows: “Tasks, people,
machinery and materials should be employed, controlled and co-ordinated such
that products and services as a result of this activity are produced in the required
quantity and quality at the specified time with the minimum outlay of costs and
capital.” (Kampf 2007, p. 5 ff.). In the following, production management should
be understood as the planned and controlled employment of production factors in
decentralised production systems (production network), in order to provide material
products or services according to customer requirements with respect to quantity and
quality at the required time with minimum costs and time.

At first, conventional production management is described in this section. It is fol-
lowed by an explanation of the principles of cybernetic production management from
which the preconditions for High Resolution Supply Chain Management (HRSCM)
are derived.

Conventional Strategic and Normative Production Management The St. Galler
Management Concept based on Ulrich’s system approach differentiates between
three levels of management: normative, strategic and operative. While normative
and strategic management basically relate to design and development functions,
operative management focuses on the steering function (Bleicher 2004, p. 80 ff.).

Normative management of a production company does not differ substantially
from the normative management of any other company. The general company aims,
principles, standards and company culture are defined and are intended to ensure the
viability and development potential of the company. The overall company aim of a
production company is typically to succeed in securing its existence.

The general aims of normative production management can be:

» the balanced fulfilment of the requirements of the various interested parties
(partners e.g. neighbours, customers, shareholders and employees)
* obtaining or consolidating a significant position within

— an industry,
— atechnology (e.g. laser technology) or
— with respect to a material (e.g. special glass)

» concentration on the processes with the greatest added value irrespective of the
traditional strengths of the company or of the industry in order to maintain the
company sites and the company’s size

Building on the aims of normative production management, we now address strategic
production management.

Strategic production management in this case has two outstanding aims (Ever-
sheim and Schuh 1996):
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* Dynamic, market orientated development of the goods and services of the
company
* Creation of long-term competitive advantages by establishing core competencies

To achieve long-term competitive advantages, core competencies, from which sur-
prising products result, must be developed faster and more cost effective than those
of competitors. The real sources of a strategic benefit therefore lie in the ability of the
management to combine technologies and production capabilities (companywide)
to form competences. Only then the business units will be strong enough to be able
to respond rapidly to emerging opportunities in the future (Westkdmper and Zahn
2009).

Conventional Operative and Tactical Production Management A comprehen-
sive analysis of the task areas of operative and tactical production management was
undertaken within the context of the Aachen PPC model (see Schuh 2006). The
Aachen PPC model extended by Schuh serves firstly to describe various aspects of
production planning and control (PPC) and secondly offers support in the definition
of PPC aims and the application of various design and optimising methodologies.
The main task is to divide the PPC into several smaller models, each taking a differ-
ent perspective. This breakdown is required to identify the different aspect groups
(personnel aspects, information technology aspects and commercial aspects) which
have different influences on the aims and model requirements of the PPC. The four
perspectives used in the Aachen PPC model are:

* the task perspective

* the process architecture perspective
* the process perspective and

* the function perspective.

The task perspective describes the tasks of the PPC on a generally applicable hierar-
chical level of abstraction. The process architecture perspective forms the interface
between the task and process perspectives by creating connections between tasks at
the network level and the company level. The process perspective identifies processes
of the tasks in the task perspective in a chronological sequence in order to describe
the order processing more precisely. Finally the function perspective describes the
requirements for IT systems, which support the internal PPC (ERP-/PPC systems).
The primary tasks of the task model can be broken down on the basis of the following
structure (Fig. 6.26).

This structure divides tasks into industry-wide network tasks and business-wide
core and cross-section tasks. The core tasks of production management in this case
comprise production program planning, production requirements planning, procure-
ment planning and scheduling and in-plant production planning and scheduling.
Network tasks add industry-wide aspects at a strategic level to the task interpretation
of the original PPC model (according to Luczak and Eversheim 1999) and include
network configuration, network sales planning and network requirements planning.
The cross-section tasks integrate the network tasks and the core tasks. These include
order management, inventory management and financial controlling. All task areas
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Fig. 6.26 Production management tasks. (From Schuh and Roesgen 2006, p. 28)

require access to the data management, which is therefore attributed to every task
(Schuh 2006, p. 20 ft.)

Structure and Tasks of a Cybernetic Management System The basic ideas of
cybernetics originated in the 1940s and 1950s. New methods were sought to solve
complex problems. Central to cybernetics are the regarding of information as a
central value and the use of closed systems and control loops. Already in the early
phases of cybernetics, an analogy with living systems and natural organisms was
sought. Stafford Beer adopted the principles of cybernetics into his Viable System
Model (VSM), which serves as the reference model for describing, diagnosing and
designing the management of organisations. The basis of the Viable System Model is
the analogy with the human nervous system. Beer divides the organisational model
into five subsystems, which can be assigned to three structural levels. The operative
level of the whole system contains systems 1-3 and relates to the present and to the
inner world of the system. At this system level, actions are initiated autonomously
through routine behaviour and reflex-type adjustments to changes in the environment.
System 4 aims at stabilising the system within the external world. System 5 represents
the third structural level and is the normative instance. The following illustration
(Fig. 6.27) is based on the cybernetic derivation of the model according to Beer,
Malik, Gomez and Espejo (Beer 1979, p. 319; Malik 2006, p. 84; Gomez 1978,
p. 24; Espejo and Harnden 1989, p. 99).

System 1 contains the management units (squares) and basic units (circles) in
analogy with organs and muscles which implement the company processes. The
steering units optimise the daily activities of the largely autonomous process units.
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Fig. 6.27 The structure of the VSM. (From Beer 1979, p. 319; Malik 2006, p. 84; Gomez 1978,
p- 24; Espejo and Harnden 1989, p. 99)

The operative units act autonomously within fixed limits at the horizontal level. The
link between the individual systems 1 and the metasystem should be understood as
a list and not as an hierarchical order (Beer 1979, p. 121).

System 2 coordinates and regulates the semi-autonomous systems in analogy with
the nervous system. The core task of the system is to reinforce the self-regulating
capacities through the supply of information and damping of oscillations between
the operative units of system 1.

Like a brain stem, system 3 has an overall model which is superior to all systems
1 and their interactions. The operative overall management system ensures optimi-
sation of the whole system. By its direct connections with all subsystems it detects
simultaneously and in real time everything which occurs in system 1. It is also noti-
fied about activities in system 2. System 3 passes on instructions directly to system
1 via the central command axis. The monitoring and validation of information from
the operative units are functions of system 3*.

System 4 represents the strategic system level in analogy with the brainstem, i.e.
the external and future orientation. It detects and diagnoses its environment on a
system-wide basis and constantly changes the orientation of the overall system on
the basis of this information.

The normative level of system 5 (the “cerebral cortex”) defines the identity of the
system and specifies standards, values and strategies in order to maintain and develop
that identity. It maintains a balance between the present and future perspectives.

Implementation of Cybernetic Principles in Production Management The pro-
duction management system manages the production system by specifying control
variables and identifying any intervention by actual comparisons with the control
variables which are fed back. This control and monitoring can be described as a
control loop (Zépfel 2001, p. 3 f.). This interpretation is further supported in the
control loop concept model in which the production system comprises the manage-
ment system for planning and control (production management) and the performance
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Fig. 6.28 Production management control loop. (From Dyckhoff and Spengler 2007)

system for adding value (see Fig. 6.28) The relationships between the management
and transforming system (production system) are illustrated below.

In terms of the control loop, the management system transmits so-called reference
values (control variables). These reference values define the quantitative and quali-
tative specifications for the performance system which in turn affect the economic
and other target variables. External disturbance variables such as supply shortages,
employee sickness etc. cause the actual results (control variables) of the production
to deviate from the specified reference variables. This deviation is analysed with the
help of further external information such as the development of procurement and
sales markets and taking into account the global aims of the company (e.g. achieving
maximum marginal income or profit). The results are transferred to the future refer-
ence variables. The central task of the production management system is therefore
target-orientated planning and control of production taking into account organisation,
human resources, information supply and monitoring (Dyckhoff 2003, p. 6 f., 29).

Approach and Preconditions of High Resolution Supply Chain Management
Thanks to technological innovations, real-time operative information is now available
at a new level of granularity. Particularly new technologies of information collection
such as Radio Frequency Identification (RFID) und and informational integration
of companies have paved the way for this revolution (Fleisch 2008). This informa-
tion is used for production management in HRSCM. The approach combines the
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structuring of real-time data-based planning and control with an adequate decen-
tralised organisational structure of production management.

Due to the interdisciplinary nature of the approach the preconditions of HRSCM
are technological and organisational. The technological preconditions include the
availability and usability of actual values for planning (reference value definition).
These are the basic preconditions for enabling the transition from control to self-
regulation within production management. Only realistic and achievable reference
values permit the adjustment of regulated process variables. Therefore the generation
of sufficiently detailed information, e.g. by sensors, and their availability through IT
systems is a technological precondition for HRSCM.

From an organisational perspective, the complexity of companies as organisa-
tional units and their dynamic environment are the fundamental challenges. The
organisational structure of the approach must overcome the complexity and be able
to maintain internal stability as well as that of the external environment. As a basis
for this, the structure must be able to satisfy the information requirements of the
individual units which it comprises.

6.3.4.2 Structural Model of High Resolution Supply Chain Management

The aforementioned requirements determine the general requirements of the struc-
ture of a High Resolution Supply Chain Management (HRSCM) reference model.
The organisation must be able to cope with the complexity of the company and
the complexity of its dynamic environment. This can only be achieved by means
of structural decentralisation and a high degree of response because decentralised
interactions reduce the amount of coordination required (Frank et al. 2004).

Based on the Aachen PPC model and the VSM it is necessary (with regard to mod-
ularity) to define different reference perspectives to reflect the different perspectives
of the overall model. The Aachen PPC model unifies four perspectives—the task-,
process-, function- and process-architecture- perspectives. The function-perspective
does not need to be considered as an actual perspective within the context of the
model because it is aimed at the specific assignment of IT systems to implement the
tasks. The process and task perspectives are adopted directly and extended for the
newly established tasks and (management) processes within the metasystem.

Strategic and Normative Production Management System The mechanisms de-
scribed next ultimately lead to the definition of strategic specifications for the
operative production management system via the interface of the configuration chan-
nel. The core task of strategic and normative production management is to develop
the business model and order processing according to changes in the market while
preserving the actual company identity and values and to initiate targeted changes.
The spectrum of these changes extends from organisational and structural changes
to technical adjustments and innovations.

The external equilibrium pursues the ideal of effective orientation of the order
processing with respect to the environment and environmental requirements. The
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Fig. 6.29 Organisation and overview of the tasks of normative production management

equilibrium of the overall system ultimately involves balancing internal and external
stability statuses. This overall equilibrium is monitored by the normative production
management system which is responsible for the change, development and viability
of order processing.

In the following sections we present the tasks, processes and information flows
initially for normative production management. We then describe the tasks, processes
and information flows of the strategic production management system.

The normative production management represents the highest level of the pro-
duction system. Its aim is to ensure that the overall system remains viable in the long
term by orientating the system both normatively and in terms of continuous change.
As well as the aim of commercial viability, the target system thus engendered is
also supplemented with normative ideals and values and requirements for its future
scope of activity. The values and standards ensure the orientation of the target system
within the identity of the company. Therefore normative production management is
responsible, along with identity and values, for defining reference statuses and the
initiation of measures to achieve these statuses.

The tasks of normative production management for securing the viability and
flexibility of the production system are illustrated in Fig. 6.29.

The information flows for fulfilment of the tasks described above can be divided
into the sensory (detecting) and motor function (instructing) information flows. The
effectiveness of the system design depends on the interaction of the motor function
and sensory mechanisms.

Sensory Components The sensors obtain all information about the internal and exter-
nal stability statuses from the strategic production management system. The sensors
also obtain all algedonic information which has been prepared by the alarm filters.
If the actual status in the results varies from the desired status of the overall system,
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measures are initiated. The sensors may in this case veto measures initiated by the
motor functions.

Motor Function Components The normative instruction mechanism now checks
the plausibility of the specifications from the sensors. Decisions are also based on
preference statuses which can be assigned to them by the sensor system. The motor
functions have corresponding knowledge of which results can be achieved with which
responses. The statuses contain actual instructions which imply specific responses
at the operative and/or strategic level.

Figure 6.30 illustrates the basic information flows of normative production
management.

The task of the strategic production management centre is to anticipate potential
futures, to initiate the adjustment of the organisation to the dynamic environment
and thereby to adjust the strategic orientation of the production system so as to
preserve existing success potentials and create further potentials (Gomez 1978, p. 24;
Eversheim and Schuh 1996; p. 5 ff., Riiegg-Stiirm 2003, p. 71; Malik 2006, p. 141).

Hill’s concept is designed for the configuration of a differentiated production
strategy which is particularly involved in the linking of the company and marketing
strategy with the production strategy. Coupling is carried out by considering the
qualification and differentiation features of the products (Hill 2000, p. 32 ff.). Qual-
ification features make the company fit to compete for a market segment. Thus they
enable the company to participate in the market. If qualification features are lost, the
customer is no longer included in the decision to purchase the product. Differenti-
ation features however have an impact on the purchasing decision of the customer
when faced with comparable products. They differentiate the performances of the
company in terms of satisfying a customer requirement from those of the competition
(Hill 2000, p. 38).
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The tasks of the strategic production management system for ensuring the external
equilibrium and effectiveness of the production system are illustrated in Fig. 6.31.

Like normative production management, the information flows also travel from
the strategic level through a sensor and a motor function component. The essential
difference in the structure as compared to the normative level is the presence of
interfaces at higher levels of the production management.

Sensory Mechanism The central task of the sensory mechanism is to record and
process information. In this case the stability detection mechanism (the internal re-
porting system) obtains information about the actual status of the equilibrium within
the production system. This is information about the actual logistical parameters of
use of resources, inventory, schedule-adherence and throughput time but also about
the progress of structural and organisational changes.

Motor Function Mechanism The motor function mechanism is the executive organ
of strategic production management. The mechanism obtains reference specifications
about the external and resultant internal stability statuses in the form of the production
strategy. In addition, normative production management is able to change strategic
specifications at any time and define new goals for the system.

Alarm Filter 2 Alarm filter 2 passes on exception information to higher control levels.
This is firstly the information from alarm filter 1 of the operative and tactical produc-
tion management systems and additional information from the environment or from
the programmes which implement the production strategy. Alarm filter 2 balances
the information via internal disturbances with the market analyses of the strategic



762

Input

Information on environment

Judgment of the stability
and efficiency of the whole
system; need for operative

changes of strategic targets

Assessed information from
alarm filter 1 and
information on environment

normative targets
for change and
adaption/renewal of
objectives and
behavior

Element

Sensor system

Monitoring of
environment

Stability assessment 7

Alarm

filter 2

Motor function

Environmental
interaction

Internal output

Status description
of environment

Status description
of the company-
internal situation

Targets for the

information to collect

System adaption —_
program design

Targets for internal
objectives, structures

R. Schmitt et al.

External output

Status description
of environment and
production strategy

Assessed algedonic
information on
events

Environmental
interaction

Targets regarding
objectives and
strategies, behavior
standards, structures,

programs

Fig. 6.32 Information flows of the strategic production management system

sensors. The interaction of the disturbed internal stability statuses and the market
performance is the output of alarm filter 2. Figure 6.32 illustrates the information
flows of the strategic production management system.

Operative and Tactical Production Management System In this section, in the
same way as the previous section, we present the tasks, processes and information
flows for operative and tactical production management.

Operative production management serves to steer the operative units with the aim
of stabilising and optimising the system in the “here in now”. This is carried out
by designing the order processing in systems 1, 2 and 3 of the first recursion level
(main order-processing processes, process coordination centre, tactical production
management and by designing systems 1-5 of the second recursion level (main- and
subprocesses, process control centre, process management).

The operative configuration and optimisation of the operative processes is the
task of tactical production management (system 3 in VSM-terms) In this case, the
primary issues are medium-term configuration according to strategic specifications
from the strategic production management system and short-term optimisation of
the processes without structural intervention. According to the basic assumption that
the processes of order processing, when stable, proceed without intervention from
higher management levels, unlike the previous research, order processing manage-
ment tasks are largely decentralised. The tactical production management controllers
can focus on stabilising interventions in the event of major unrest within the sys-
tem and on continual improvement of the interplay of the subprocesses. To this end,
the tactical production management system, unlike the process coordination cen-
tre, can intervene via the central control channel directly into the autonomy of the
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processes. The autonomy of the operative processes is thereby a gradual function
and is limited or expanded according to the situation. Indirectly however, tactical
production management can also influence the internal procedures via the process
coordination centre (coordination channel) or via process monitoring (monitoring
channel).

Configuration of the Production System to Ensure External Equilibrium A precon-
dition for the short and medium-term configuration of operative processes is the
understanding of external requirements of the logistical performance of the produc-
tion system. These are identified in the strategic production management system
and are input into tactical production management by a feed-forward mechanism.
The dimensions of the requirements definition are primarily the reference delivery
time (order throughput time), reference schedule-adherence and price level. The
task of production management at this point is to check these external customer
requirements for feasibility, translate them into internal process requirements and
to simultaneously guarantee maximum efficiency of the overall process. This takes
place by defining optimum operating points in the overall system and individual main
processes. The target conflicts of the process planning in this case are minimised as
far as possible by information transparency and organisational networking.

Operating characteristics according to Nyhuis and Wiendahl are a suitable means
of choosing operating points. These have been established to illustrate the effec-
tive relationships between logistical target variables within production logistics, see
for example (GlaBner 1995; Yu 2001; Lutz 2002; Nyhuis and Wiendahl 2003;
Wiendahl 2005; Lodding 2008). Production characteristics are a condensed il-
lustration of different operating statuses. Operating statuses are determined by
analytical or stochastic monitoring modelling of real systems and by computation
by means of simulation (Nyhuis and Wiendahl 2003, p. 36 f.). Figure 6.33 illus-
trates the target conflicts in production control on the basis of a characteristic curve
diagram.

Based on the characteristic profile of the characteristic curves, the task of tactical
production management is to position the reference operating points within the target
conflicts of the PPC according to the strategic requirements. As a result, the refer-
ence variables of schedule-adherence, schedule deviation, throughput times, material
and/or order levels, use of resources, quality of the process results and process costs
per main process are defined and communicated as specifications.

If the desired reference values of the operating points cannot be achieved within
an existing configuration, a series of tactical decisions must be made to determine
the framework conditions for the operative processes and to configure the processes
accordingly. In this way, the profile of the characteristics curves changes and enables
new combinations of operating points. Decisions about the dimensioning of the use
of resources are negotiated via process channels.

Depending on the targets in question and the resources available, the process
channels then automatically define the effects of these targets in the form of con-
trol variables for the assigned subprocesses. This heredity ensures that the process
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Fig. 6.33 Target conflicts in production control. (Wiendahl 2005, p. 35)

channels design the target corridors of the subprocesses in the recursion RL3 level
such that the targets of the metasystem can be maintained at levels RL1 and RL2.

Monitoring and Optimising Horizontal Coordination to Ensure Internal
Equilibrium As well as configuring the operative processes to ensure equilibrium
with external requirements, the second task of tactical production management lies
in monitoring and achieving internal equilibrium. Internal equilibrium is consid-
ered as having been achieved when the productive system fulfils the target values
of schedule-adherence, throughput time, costs and synergy suggestions. Reference
values are also defined based on the definition of escalation levels which describe
alternative processes for handling discrepancies inside and outside the target corri-
dors. Threshold values underpin these processes which determine when a particular
disturbance should be balanced either locally by the process control centre or by the
process coordination centre. If neither damping mechanism is able to find a solu-
tion for a problem, it is escalated to the tactical or even to the strategic production
management system. The frequency and intensity of the discrepancy from reference
values is the measure of the stability and therefore the internal equilibrium of the
system or of subsystems.

Asareaction to these discrepancies, medium or short-term and one-off or recurring
countermeasures can be instigated. One-off or sporadic measures are used to handle
individual exceptions such as for instance major interventions in an individual order
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(machine use, order sequences, quality or cost compromises), the involvement of
external advisers or downsizing or upsizing. This limitation of the autonomy of the
decentralised units is implemented via the control channel and should be avoided if
at all possible. Recurring countermeasures are incorporated as standards which so
to speak pre-equip units with instructions, rules or response instructions. These are
reflected amongst other things in changed reference values, changed rules for use of
resources, changed procedures, changed decision-making mechanisms or physically
changed resources, increased or decreased capacities or changes to responsibilities.
Both types of intervention are aimed at ensuring and optimising the fundamental
synergy pre-settings in the interaction of the main processes.

Process Monitoring for Ensuring Internal Equilibrium In the case of these pro-
cesses, the tactical production management system is supplied with information from
the process coordination centre and with unfiltered information from the processes. If
deviations from reference values are symptoms of a lack of synchronisation, process
monitoring is responsible for identifying the causes, in terms of which the actual sit-
uation is being interpreted (Herold 1991, p. 135 f.; Thiem 1998, p. 110; Malik 2006,
p. 136 f.). Direct interfaces with the areas (IT systems or personal reporting on the part
of group representatives) are used to request absolute information about the situation
of orders and capacities (type, quantity, schedule, quality, progress etc) and suit-
able characteristic values for identification of deviations from the stable status of the
units are disclosed. These overload manifestations are accompanied by changes in the
performance values of use of resources, inventory, schedule-adherence, throughput
time, costs and quality and can be expressed in the form of

» exhausted overtime accounts,

* high levels of sickness,

+ continuously high order queues,

* low schedule-adherence in the case of subprocesses,
* urgent orders or “fire-fighting” and

* temporary capacity shortages.

Against this background the information described above is collected by the tactical
production management system and used to improve the decision-making basis for
all orders. In the case of a disturbance, corrective measures are generated to resolve
the permanent or temporary shortages or short term responses to “unforeseen devel-
opments”. These measures directly affect the procedures and are controlled by the
monitoring channel (Herold 1991, p. 144). Examples of these kinds of immediate
measures are the provision of additional capacities by approving overtime, involving
external suppliers or hourly-paid labour as well as overriding locally-planned order
sequences, batch sizes and resource planning.

Adequate Structuring of Planning Capacity by Implementation of High
Resolution The success of the business processes as well as the coordination of
the individual processes in the operative control is largely influenced by the planning
capacity. This in turn depends on the availability of information and the quality of
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information flows (Wiendahl 2006, p. 16). This is particularly taken into account in
the mathematical description with the time loss factor §i. Thus a core aspect in the
tasks of the tactical production management system is to align the time delay for the
transfer of information between the decision-making points with requirements. The
appropriate interaction of the node points changes the decision-making quality of
the controller. Poor availability, susceptibility to error, incompleteness, incompre-
hensibility and irrelevance of information reduce the decision-making quality of a
node point and correspondingly the decision-making quality of the whole manage-
ment mechanism. The task of the tactical production management system therefore
is to define the requirements of granularity, real-time capacity and response time
behaviour of the individual control loops and their associated management, control
and disturbance variables. In principle, the resolution of information should be as
high as necessary but not as high as possible.

The order processing target system must be expanded accordingly by optimis-
ing the planning capability. Planning capability (or planning reliability) is generated
by a high level of information transparency and equally high planning data quality
(Schmidt 2008, p. 63). The quality features of planning information thereby include
completeness, currency, level of detail and absence of error of the informational
content (Loeffelholz 1991, p. 27 f.; Schotten 1998, p. 44). As with the characteristic
curves this target is inherited by the process channels and the coordination system
in the form of reference operating points. The tactical production management sys-
tem must test and optimise the fulfilment of the information quality criteria via the
monitoring channel and the process coordination centre.

Adequate Flexibility of the Operative Systems The variability of individual process
steps and of the overall production system has become a central aspect of produc-
tion management (Blecker and Kaluza 2004, p. 4 ff.; Zdh 2005; Drabow 2006;
ElMaraghy 2005, p. 264; Wiendahl and Hernandez 2006, p. 147 f.). The aim of
these endeavours is to create adequate product flexibility (to maximise variant va-
riety with a specified infrastructure, process flexibility (to manufacture products
using alternative processes, machinery, materials or process sequences) and capac-
ity flexibility (scalability of the quantity of manufactured products) (Chryssolouris
2005). At the operative level, the focus is not the restructuring of the overall order
processing or of the product mix because this is now a task for the strategic produc-
tion management system. The aim here is the appropriate design of convert-ability,
reconfigure-ability, flexibility and the versatility of the physical production system
along with the logical processes and management mechanisms (Wiendahl et al. 2007,
p. 787).

The tactical production management system now has the task of translating the
strategic specifications for flexibility in the three main dimensions of product flexi-
bility, process flexibility and capacity flexibility into operative specifications for the
decentralised processes and to monitor their compliance. Specifications with respect
to convert-ability, reconfigure-ability, flexibility and versatility are thus transferred
to the design elements in the main processes where they are implemented. The es-
sential enablers of the implementation are reconfigurable process planning, adaptive
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Fig. 6.34 Organisation and overview of the tasks of the tactical production management system

production planning and control, reconfigurable production and assembly systems
and flexible fabrication (Wiendahl et al. 2007, p. 789 ff.; ElMaraghy et al. 2009,
p. 261 ff.). As with the characteristic curves this target is inherited by the process
channels and the coordination system in the form of reference operating points. The
operative production management system must test and optimise the fulfilment of
flexibility criteria via the monitoring channel and the process coordination centre.

The tactical production management tasks of ensuring internal equilibrium and
the efficiency of the production systems are illustrated in Fig. 6.34 and incorporated
into the structure of the overall model.
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Information about the external stability statuses reach the configuration channel
via the connections between strategic and tactical production management. The con-
figuration channel interprets the requirements of strategic production management
and information about the current internal stability from the other channels. The
balance of external and internal equilibrium results in a definition of reference oper-
ating points, target corridors in the characteristic curve field, characteristic values and
escalation levels, standard behaviours and basic resource availability levels. These
changes of the characteristic curve lead to the specification of new operating points
in the main processes and therefore to the expansion of the internal stability via the
control channel.

The configuration channel completes the information loop by providing infor-
mation about the actual status of processes to the strategic production management
system.

The Control Channel: Information Loop and Process Channels The tactical pro-
duction management system intervenes into main processes directly via the central
command axis of the control channel. The framework conditions for the reference
operating points of the overall system from the configuration channel and informa-
tion about the internal stability channel are translated via this channel into concrete
instructions which are conveyed to the process channels of the main processes. These
include particularly basic response instructions about core processes such as working
times, maximum use of resources, capacity flexibilities or work organisation regu-
lations and the definition of process related aims, e.g. the optimisation of process
costs versus minimisation of throughput times. Thus the negotiation process over
the allocation of resources takes place via this channel. The target system specified
by the strategic production management system is therefore inherited by the next
recursion level and appropriated per main process and/or negotiated with the process
channels.

The Coordination Channel: Information Loop Incorporating Process Coordination
Centre and Process Control Centre The basis of internal stabilisation is the recon-
ciliation of the main- and subprocesses at synergetic operating points. The tactical
production management system specifies the management values and target corridors
within whose parameters the actual processes must adjust. The reference character-
istic curves with the target corridors and operating points. The KPIs of the escalation
model are transferred by the coordination channel to the process coordination centre.
When selecting and defining the characteristic values, the mechanism takes partic-
ular account of the specifications for external stability on the part of the strategic
production management system, feedback from the processes via the monitoring
channel and the input via the profile of the actual operating points. The process
coordination centre is a non-hierarchical instance. It controls the process operating
points and the order status. In the event of a discrepancy it initiates compensating
measures between the processes within the context of a predefined escalation model.
The reporting (feedback) of the information is also carried out according to the spec-
ifications of the tactical production management system. In this case, only filtered
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information about discrepancies from plans, operating points or planning milestones
is transferred to the tactical production management system. Thus no detailed image
ofthe actual situation within the processes is permitted yet but it prevents information
overload at this point.

The Monitoring Channel: Information Loop Incorporating Operative Main
Processes The tactical production management system obtains only relative infor-
mation about deviations from the reference state via the coordination and monitoring
channels. However, the monitoring channel is designed to reflect the actual status
of processes. It firstly identifies overload manifestations and new types of develop-
ments. Secondly, this channel provides the tactical production management system
as required with detailed information about individual orders, load curves or quality
data in order to permit corrective intervention in the case of shortages or problems. In
addition to direct interventions, the knowledge obtained from the monitoring system
is also used at other decision-making points within the tactical production manage-
ment system. In order to identify new types of developments promptly, information
about possible overloads is transmitted continuously whereas the specific order or
capacity data is requested and fed back only as required.

The Alarm Filter: Direct Flow of Information Between All Levels So that neither the
operative nor the tactical production management systems are flooded with infor-
mation, information from process management and from the process coordination
centre is filtered according to pre-settings. The set up of an integrated, direct chan-
nel is therefore required for the exception information flow (Malik 2006, p. 138 f.;
Gomez 1978, p. 68 f.). The information flow here follows the principle of “Man-
agement by Exception” and is defined individually for each company and/or for
each production system. It is transferred directly to the strategic and normative pro-
duction management centres and is defined as sensitively as is required. Possible
content might be serious breaches of schedules in the case of important customer
orders, new major customers, specific quality problems, failure of a line or computer
system etc.

Figure 6.35 summarises the information flows of the tactical production man-
agement system. The dotted line between the 5 channels symbolises the prevailing
information transparency within the tactical production management system.

The tactical production management system, as the central switching point for op-
erative processes and the interface with the strategic production management system,
should incorporate representatives of all assigned processes for the exercise of its
functions. This is particularly necessary to implement a synchronisation of the target
systems. The representatives should participate regularly in the operative processes
in order to be able to provide information to the monitoring channel independently
from the system as well. The tactical production management system is supported in
its activities by a control room which prepares transparent versions of the basic infor-
mation from all four channels. Acting as a logistical control centre, it transports and
visualises the characteristic values and status information of the monitoring, control,
coordination and configuration channels together in appropriate time cycles.



770 R. Schmitt et al.

Input Modules External output

O O

Configuration

k

Analyzed and conditioned
information about actual O
operation points, resource
availabilities, convenience
of behavioral standards
and planning strategies

3.8
% % 124
124
24884
2 iial
2 o8 v &
Target value deviations of O
operation points, plans and

Coordination

- Control

+

*e

errors referring to the
Escalation Model

Actual state of the systems; O

Order, load and quality data; L

Key figures about overload *  Monitoring
symptoms

Fig. 6.35 Tactical production management information flows

While the VSM provides a conceptual model and the structural framework for
the production management design, the model offers no methods for simulation,
analysis and evaluation of the dynamic systems at the process and process control
level. At the operative level, the management system can be supplemented by the
transfer of specific control engineering components. Since both VSM and control
engineering originated within the trans-disciplinary approach of system theory, these
can be consistently integrated. However the description of the process control centre
and process management defines abstract requirements for the control of the core
processes of production management which must now be specified in more detail in
terms of control engineering.

The process management systems organise the operative implementation of tasks
and processes of technical order processing. The tasks are fulfilled according to the



6 Self-optimising Production Systems 771

Tactical Production
Management

Target value
(command variable)

Forward coupling Process leading
and control center
(control controller)

. Backward coupling
Guidance (actual value)

Process (actuating variable)

coordination

center Prozess

Output

(control process)

Sensor
(measuring head)

Disturbance
(disturbance variable)

Fig. 6.36 Interaction of operative management units

requirements of viable systems by semi-autonomous value-adding process islands
or performance-orientated capacity groups.

Up to four management instances along with the implementing resources are
involved in the exercise of process management and control. The process manage-
ment system of each process obtains reference values for the process management
variables from the tactical production management system in the form of a servo
mechanism. The process management system obtains information via the process
coordination centre about possible and expected problems and the actual status of
other systems and/or orders (feed-forward). The process management system re-
ceives the status of assigned processes via the process control manager (feedback).
The reference variables from the tactical production management system and from
the process coordination centre and the status information of the assigned process
from the process control centre are translated into control variables (activities, pro-
grammes and schedules) for the management of the process. The implementation of
these plans is once more initiated by the process control centre. Figure 6.36 illustrates
the servo mechanism of the tactical and operative production management systems.

According to the basic logic of the maximum autonomy of the decentralised units,
the process management system intervenes only if there is a discrepancy between
the process and the reference value which cannot be counteracted by a standard
routine. The known repertoire of routines for handling dynamic situations is saved in
the process control centre and/or in the process coordination centre. These include
particularly project monitoring, control tasks and countermeasures for the regulation
of recurring problems. In accordance with the recursive structure of the overall model,
the process management system and the process control centre jointly implement the
tasks of systems 2—5 for the observed process. Figure 6.37 summarises the process
management tasks.
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Fig. 6.37 Organisation and overview of process management tasks

The process management systems are supported by the process control centres,
which carry out the tasks illustrated in Fig. 6.39.

The process coordination centre undertakes the process control centre tasks at
the next recursion level up. It thereby regulates the interplay of the main processes
and ensures implementation of the programmes selected by the tactical production
management system. The process coordination centre does not play a hierarchal role
in relation to the process management systems but rather acts as a link between the
main processes in order to stabilise the overall operation. In doing so, the process
coordination centre undertakes the following groups of tasks:

* Transfer and monitoring of reference values defined by the tactical production
management system for internal stabilisation of the processes

» Construction and assurance of coordination rules and standards

* Construction and assurance of adequate communication channels.

The process coordination centre tasks for supporting self-optimisation and synchro-
nisation of the main processes are summarised in Fig. 6.39.
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Fig. 6.38 Organisation and overview of the tasks of the process control centre

The tasks of the operative production management system also comprise guaran-
teeing the internal and external stability of the subprocess (process management
system), monitoring and maintaining stability between the subprocesses (pro-
cess control centre) and guaranteeing synchronisation between the main processes
(process coordination centre).

To support the implementation of the aforementioned tasks, the associated
management processes and information flows are described below.

The lines between the main processes represent the exchange of production factors
which also include information (see Fig. 6.40). All information flows described in
the model as internal output and internal input (Oi and i) are integrated (“2” in
Fig. 6.40) as well as the material flow and access to the labour factor. The external
information flows (Oe and Ie) exchange the processes via the connection with the
environment (“1” in Fig. 6.40). All project monitoring and control information is
fed into the process coordination system and can be requested in real time (“3” in
Fig. 6.40). All main processes have interfaces with this data.

The logic of the VSM process images represent the framework for the design of
the management processes of the tactical and operative production management sys-
tem. They place the tasks of the individual controllers into a logical time sequence
and structure the information flows through the channels between the controllers.
To carry out the tasks described above, the most common interpretation of the VSM
processes—according to Gomez—(see Gomez 1978, p. 48 f.) must be supplemented
with specific measures. The enhanced interpretation gives us the VSM process illus-
tration in Fig. 6.41. The names of the node points correspond to the significance of
their tasks.
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Unlike nodes A, C and 4 the decision-making node B has only a forward-travelling
information system. Nodes A, C and 4 reach decisions by iteration and coordination
cycles in order to implement the specifications of the metasystem and to manage
problems. While B is largely informed by coordination content, its central task is to
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Fig. 6.41 Process illustration of the management mechanism of a main process

dispatch the decisions from A, C and 4 to the metasystem according to the quality
criteria of the information.

Node 3A is not only an output but also an input for information into the control
mechanism. With this adaptation, a process management system can see information
from other processes or from the process coordination centre and can be taken into
account in the decision-making process (feed-forward). The output of node 3A is
now the relevant information of the monitoring mechanism, i.e. the status information
for control of the order processing, availability and if necessary error messages and
disturbance warnings. Node 5A however communicates the plans and programmes
for process management as a response to problems in the process coordination centre
cycle. This dual-differentiation means that status messages from a subprocess are
detected by the overall system in real-time before a decision about intervention has
been made. At this point it is necessary to decide where this increased transparency
can add value and where it would simply cause unnecessary interference.

According to Beer, point C represents systems 4 and 5 of this recursion level. In
order to correspond to the structure of the VSM and thereby to fulfil the conditions for
viability, node point C allows interactive connection with the process environment.
Only by this enhancement point C can undertake the strategic tasks of the local
system 4.

The reference variables (reference values) which initiate these servo mechanisms
are defined by the tactical production management system. In turn the process man-
agement system provides continuous information to the process coordination centre
and the tactical production management system about the actual status of the refer-
ence values for internal stability. The process management system and the process
control centre use the reference variables, available to them, to achieve the required
status. Thus they interpret or transfer the global reference values into actual proposals,
schedules and standard responses for the individual processes.

The modus operandi of the process coordination centre is based on the coordina-
tion measures as well as on an escalation model which is modelled by the tactical
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production management system and practised by the process control centres and
the process coordination centre. In principle each process control centre attempts to
compensate for any deviations from the planning milestones or reference variables
itself before involving the process coordination centre in reconciliation with neigh-
bouring or affected process units. If no solution can be found for an order or a central
reference variable, the tactical production management system is involved to remedy
the problems or prioritise and/or reschedule orders. The coordination mechanism is
therefore able to absorb a high degree of variety and to induce only limited variety
into the tactical production manager.

6.3.4.3 Implementation by Means of Control Logic Within
Production Management

Generally, there is a differentiation between two types of control engineering system.
In the open control system the incoming control signal is independent of the outgoing
signal of the system. On the contrary, in a closed-loop control system, the input signal
is influenced by the output signal in the form of feedback and control. The High
Resolution Supply Chain Management (HRSCM) project focuses on closed-loop
systems because these permit a feedback of information to the controller (e.g. time-
dependent stock level, delivery times, restocking times etc) and can therefore react
to external influencing factors. In this case the greatest challenge is in the control
of dynamic systems which are defined as a functional unit whose input and output
parameters change over time. Therefore they represent time-dependent functions.
Special features of controllable dynamic systems include linearity, causality and
temporal stability. The elements of a closed-loop control system are the dynamic
system itself, the controller and a sensor integrated into the feedback loop. Figure 6.43
below illustrates the basic structure of a control system.

The influential variables on a system are its time-dependent input and output
variables and equally time-dependent disturbances which can occur at various points
along the entire control route and which influence the control variables. The input is
manipulated directly via the controller. The measured deviation from the reference
variable results from the difference between the reference variable and the fed back
signal. The reference variable is the target value of the control system (e.g. target stock
level or desired schedule-adherence). In order to achieve this, the control deviation
is fed to the controller which in turn supplies the system with an input signal with
the result that the reference variable is achieved.

In the context of Supply Chain Management (SCM), state-of-the-art approaches
are usually based on optimisation problems. Some approaches are also involved
with transferring control loops to the area of planning and controlling of logistical
systems. Since the supply chain can be described as a dynamic system, the primary
requirements are a flow-orientated and continuous analysis of the time-dependent
input and output parameters. Specific requirements must be met in this case.

One of these requirements is expressed by the Nyquist-Shannon Theorem. It states
that the measuring frequency must be at least twice the frequency of the input signal.
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This is also referred to as the “Nyquist scan rate”. Examples for the implementation
of a high scan rate in practice include the employment of RFID technology and the
application of additional real-time data. Along with the scan rate, the stability and
the response behaviour are also critical elements of a control loop. Stability is a
qualitative characteristic of the control loop and the essential requirement which is
prioritised above all other criteria. A control loop is stable if, after changing any
reference or disturbance variable, the control variable assumes a stable value or
the status variables achieve equilibrium over time. In order to be able to appraise
stability, there is a variety of very different stability criteria including for example the
processes according to Nyquist, Hurwitz or Routh. The response of a second-order
control system with a small damping factor on the increase of the service level is
shown in Fig. 6.43 below.

Typical measured variables for stability and the response behaviour of a system
are the adjustment time (T;) and the rise time (T;). While the rise time is defined as
being the time required to increase from 10-90% of the target value, the adjustment
time is the time taken for the fluctuations of the measured value to settle within a
predefined corridor.
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Fig. 6.43 System response in the event of an increase in the service level (92-97%)
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Fig. 6.44 Production control system according to Beer

As described above, the company processes can be considered as a control loop
because they incorporate a sequence of target setting, monitoring the target achieve-
ment, discrepancy analysis, initiation of improvements and target correction as
required.

In his book “Kybernetik und Management” Beer describes how control elements
of systems, which do not comprise technical components, can be synthesised with
the aid of control engineering. Therefore, the system of industrial production control
can also be constructed on the basis of control theory and is described in brief below.

The input (®) of a production system is the raw material, the output (®,) is the
final product. The work between input and output proceeds at a specific speed (1).
The system is under a particular pressure (®p) according to the ongoing orders. There
is a primary feedback mechanism between ®g and ® , which measures the difference
between the ideal status (output) and the initial status (input). This deviation is fed
back into the system via an operator (K5 ), which undertakes the necessary adjustment
to the planned flow speed (7). This is transferred by a further operator (K4) into the
actual speed (). The order status (®p) has an influence on the actual production
speed and is also fed back by a third operator (K3) in the form of the planned
speed. The primary effect of the order load which affects production is immediately
obvious at the output. It is represented by the most important operator (K;) (Beer
1973, pp. 203-204). Figure 6.44 summarises the essential relationships based on a
control loop for production control according to Beer.

6.3.4.4 Appropriation of the High Resolution Supply Chain
Management Approach

Having described the basic structural model of HRSCM based on the VSM and
control engineering, the practical implementation is addressed. For this, two typical
processes are designed; “inventory management” and “production control”, which
represent two central processes of production management, according to the core
process management mechanism described above.
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Optimised Inventory Management Through High Resolution Supply Chain
Management The sub-demonstrator “High Resolution Inventory Management
Logic” exemplifies the improved planning quality with simultaneously reduced plan-
ning time and costs. Unlike conventional inventory management, the inventory
management logic in the context of the above sub-demonstrator uses master data
and historical item transaction data along with available real-time data. By now
there is no inventory management process which is able to supplement the existing
planning with real-time-compatible logic in order to plan order processing more ef-
ficiently and more cost-effectively and significantly increase the planning quality. It
is expected that “high-resolution inventory management logic” will help inventory
managers to achieve greater transparency over the entire range of articles, design
and control processes more intelligently and improve the level of supply services to
customers.

The central area of activity of inventory management on the part of the stock-
based producer involves the three planning components; requirements, stock level
and procurement planning. These are implemented in turn in each planning cycle.
Requirement planning precedes the other two planning processes and is aimed at
predicting as precisely as possible the expected market requirement in the subse-
quent period to ensure that customer orders can be filled completely and as fast as
possible. Requirement forecasting depends on the ability to plan requirements either
by programming means, i.e. based on deterministic assumptions of the consumption
trends of the respective parts in the future or by consumption, i.e. based on known
seasonal consumption levels.

The next component is inventory planning, i.e. defining the necessary safety
stock levels and order preparation stock level (reorder level). This requires consis-
tent inventory management and reliable forecasting or requirement values from the
requirement planning stage. After forecasting the demand of future planning periods,
the inventory management system determines the inventory required to achieve the
necessary level of supply readiness. In this case a basic challenge is to integrate the
ongoing orders into the forecast-based inventory planning. This indicates reconciling
the reorder level (defined on the basis of the forecast) with incoming orders.

The next planning process—procurement planning—is used to define the opti-
mum procurement quantities, taking into account all procurement costs (inventory
management, purchasing, transport, etc.) along with storage and capital lock-up
costs.

Inventory management faces various challenges in everyday company situations
Guaranteeing production and supply while reducing stocks to minimise costs is a
basic conflict of aims inherent in logistics. Furthermore, there is a necessity for
improving the logistical efficiency through reducing procurement costs and capital
commitment while increasing the liquidity of the company. The target system for
the economic appraisal of procurement logistics can therefore be described by three
quantifiable dimensions: the production supply, liquidity and procurement costs.
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Fig. 6.45 Inventory Service level:
management target system m  Ability to deliver
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Inventory costs:
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The basic task of inventory management is to optimise these mutually-conflicting
target dimensions. The aim of inventory management is to increase the produc-
tion supply reliability (supply service) while simultaneously increasing liquidity and
reducing procurement costs.

The supply service dimension comprises all factors required to ensure produc-
tion with all necessary raw materials, semi-finished products and other materials. It
is measured by the supplier’s supply capacity in relation to the customer’s desired
schedule and by the supplier’s supply readiness in relation to a delivery schedule
previously agreed and confirmed with the customer. Liquidity describes the value-
based commitment of capital to supplies and/or stocks. Procurement costs include
all relevant ongoing costs, e.g. purchasing, inventory management, ordering and
processing, obsolescence costs and the costs of storage (warehouse costs and capital
lock-up costs). The operability of the target system variables is guaranteed by logis-
tical parameters which are defined within a characteristic value system assigned to
the target system. Figure 6.45 gives an overview of the most important target values
of inventory management.

While the reference variables of many planning processes and planning logics of
today’s inventory management rely on the use of static average values, a key feature
of high-resolution inventory management logic is the renunciation of average-based
planning in favour of a real-time-compatible adaptive planning method. The plan-
ning method adapts average values periodically to the actual situation based on real
time information. The resulting real-time planning corridor enables consideration
of dynamic reference and control variables without however excessively increase the
volatility of the downstream business processes. Planning complexity, time and costs
are kept to a minimum while planning quality substantially increases. To prevent in-
efficiencies such as excessive stocks, integrated planning processes are supported
within the context of high-resolution inventory management with a differentiated
procedure. A set of procedures is deposited for each planning process in the context
of demand, inventory and procurement planning. These are selected on the basis of
decision-making logic to optimise the planning purposes of the articles with regard
to the target system. The use of differentiated procedures enables more precise and
also more efficient control of the company resources.

In order to use the real-time information appropriately within the context of
inventory management, it must be prepared, filtered and aggregated previously.
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Fig. 6.46 Inventory management process control loop

Preparation and filtering processes ensure that the real-time information is free
from error and only the respectively required data is used in inventory management.
Hence information overload and increased complexity are avoided. Aggregation of
information in this context means that the real-time data provided must be transferred
to a different aggregation level according to quantity and time in order to be able to
use it effectively for inventory management. For example it is not worth initiating
procurement after every single sale of an item. For cost-effective dimensioning of
the batch size and/or procurement quantity, the overall range of items must be taken
into account over a specific period. Figure 6.46 shows a typical cascaded process
control loop for inventory management.

In order to validate the added value and benefits of high-resolution inventory
management logic for industrial companies, the potential of the developed planning
system is demonstrated in a demonstrator the form of a test structure in comparison to
the current state of the art. The test structure enables modelling and simulation based
on real data. For this purpose, the inventory management process of an ERP system
is modelled, in which as a basis products with its specific master and transaction data
are provided.

The subsequent simulation analyses the characteristics of the planning systems
based on different variation parameters and the formulation of two experiments: con-
ventional inventory management logic and high-resolution inventory management
logic. Variation parameters are selected in the way that they allow to simulate the
situation as real as possible, e.g. requirement volatility, target available-to-promise
level, replacement time, replacement time fluctuation, forecast errors, cost rates,
warehousing model, consumption model. The object of the investigation of the sim-
ulation based on real data is the central target variables of inventory management
illustrated in Fig. 6.45: stock costs, liquidity and service level.
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Optimised Production Control Through High Resolution Supply Chain
Management The challenges of production control are today not so much the
development of tools to solve subtasks but much more due to managing the decision-
making complexity. Production control problems have given rise to a variety of
solution concepts. However there are no systematic approaches to guarantee the
configuration of solution concepts while simultaneously being able to appraise the
effects of this configuration on the logistical performance of the production.

Furthermore, current economic environments require a greater focus on the rapid
adaptability of production control. Companies are being required to devote increas-
ing time and energy to adjusting part list structures, changing inventory management
logic or introducing software-supported fine tuning (e.g. MES systems). These ex-
amples can often take more than a year to implement. This shows that the adaptability
of production planning and control can no longer keep up with the dynamics of eco-
nomic change. As a result, targets have been reprioritised. The focus has shifted from
use of resources and schedule-adherence to short throughput times and stock levels.

The approach to the configuration of production control that was developed in
the context of HRSCM on the one hand comprises a configuration and a simulation
model of production control. A four-level model as shown in Fig. 6.47 below is used
as a basis.

The aim of the analysis layer is not the evaluation of traditional Key Performance
Indicators (KPI’s), but to illustrate the time-based processes with the opportunity of
displaying data through the interaction with the user in aggregated or even fine grained
form. This reveals interrelationships which cannot be illustrated by generating char-
acteristic values which are usually based on averages. Figure 6.48 illustrates examples
of an investigation of the process communality and throughput time variance.
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Fig. 6.47 Levels model of value flow-orientated production control
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Fig. 6.48 Technical investigation results for process communality and throughput time variance

Process communality is a measurement of the variety of material flow within a
production. Each production resource usually has one or more preceding or suc-
ceeding processes. If this kind of production system is exposed to a large number
of production orders, there are often converging or diverging material flows. This
means that there are few uniform material flow routes through the production re-
sources. One measurement for this is process communality which is shown on the
left-hand side of the figure. Within the context of a tool specially developed for the
analysis, it is possible to select individual production resources and to investigate the
number and or frequency of use of predecessors or successors.

In contrast to process communality, the throughput time is a traditional investiga-
tion variable. It is generally specified as an average in combination with its variance.
In the right-hand part of the figure, the throughput variance is illustrated in the oper-
ational schedule depending on the number of operational steps. In the selected type
of illustration, the frequency of distribution of the two variables was shown sepa-
rately on the respective axes to gain additional information. It is possible to select
individual periods and/or product groups for which the analysis should be displayed.
By using such overviews, the information content increases sharply compared to
separate KPIs. This provides a good starting point for analyses and reconfiguration
of production control.

The value stream level represents the production process and is used to determine
monitoring sections along the value stream. It is connected to the production control
level which describes the control configuration.

The level model is in the following presented based on a value stream-orientated
approach for the simulation of production control. The aim of the value stream-
orientated simulation of production control is to enable systematic evaluation of
these change processes within production control on the basis of the Enterprise
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Dynamics simulation platform and to reveal the limits of existing configurations
from the start to enable change processes to be introduced earlier. The basis of the
simulation is a combination of the traditional value stream design and production
control logic (L6dding 2005).

The work schedule data and the order data are imported into the master data layer
(level 1) from files with standardised interfaces. The work schedule incorporates
the item number, the workflow number, the resources employed, the processing and
setup times, the batch size and the planned throughput time for evaluation. The order
data must include the item number, a quantity and the required deadline.

The control layer (level 2) contains the interchangeable modules for order gen-
eration, order release and sequencing. They can be assembled in any combination
by the user according to requirements. For example, LOR (Load-Orientated Order
Release) can be combined with MRP order generation and a FiFo (First In First
Out) rule for processing the queue upstream from a machine. The sequence rules are
always applied at a buffer/store upstream from a production process.

The value stream of the control section to be investigated is reflected in the value
stream layer (level 3). Here the material flow is modelled by use of source, sink,
buffer/stock, release, production and transport elements. The source generates the
item to be produced. These then awaits release in a buffer/stock. Once the order
release is given according to the selected strategy (control layer in level 2), the item
is released with the corresponding batch size for “processing”. It is then forwarded
via a transport module (facultative), according to the work schedule, to the processing
components. Each processing step comprises a buffer/stock atom and the production
process atom. The parts first reach the upstream buffer which if necessary initiates
a sequential rule calculation (see level 2). They are then relocated to the processing
station. After processing, the batches must be re-separated in the UnPack atom before
new batches can be packed for the next processing cycle. These new batches then
require a new release.

The analysis layer (level 4) contains analysis options. Wait times and inventory
projections can be mapped. Strict separation of the information and material flows
are required to ensure the modularity of the model. In this way the control modules
can be exchanged without adjusting the value stream model. In most companies
currently the order release rules ASAP (release the order as soon as it is recognized)
or MRP (release the order on the release date) are used.

The value stream-orientated simulation of production control permits the sys-
tematic evaluation of the combination of control logics and a specific selection and
recommendations for companies. Initial results from MRP control show that even
slight turbulence in the order programme have major effects on the stock level. From
a certain level of intensity of order exchanges in the order program on, stock levels
no longer rise. By implication this means that minor improvements have hardly any
effects on companies with high stock levels and MRP control. Only after a breakeven
point results improve significantly.
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6.3.5 Industrial Relevance

The industrial relevance of the research work is now illustrated on the basis of poten-
tial applications within industry. Applications in practice can be divided into two as-
pects. Firstly, the structural model developed offers support in the analysis and design
of the production management system and of the business processes. Secondly, the
resulting operative control loops of inventory management and production control en-
able optimisation of the fundamental components of production planning and control.

6.3.5.1 Analysis and Design of the Production Management System
and of the Business Processes

The structural model described here can offer valuable support in projects for the
analysis and design of the production management system and of business processes
in practice. The structural model can already be used in the analysis phase. It provides
help in structuring the as-is-analysis and accelerates the analysis of weaknesses.
However, the developed structural model eliminates the open search for solutions
because the solution approaches are already anchored in the model. It therefore
requires a logic which assigns the potential solution approaches within the model to
the analysed weaknesses. This takes place in the classification phase. The actions are
then evaluated using standardised criteria and submitted to the project management
which then decides on the implementation. The model application steps correspond
to the design phase (see Fig. 6.49).

Phase 1—Analysis Phase The aim of this first phase is the substantiated analysis
of the actual situation of company structures and processes. The reference model
provides assistance in that it structures the process. Here the reference model func-
tions as a template which is laid over the actual status for rapid identification of
weaknesses. The template need not be known to the whole project team. Target-
orientated moderation makes more sense here than overloading project participants
with a partially abstract model.
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Fig. 6.49 Application logic of the structural model
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Due to the different mechanisms and the variety of participants within the com-
pany, the process and structural analysis takes place within two analysis streams.
The first part of the analysis is concerned with operative business processes and their
coordination (part A). The target of the analysis is to improve the efficiency of the
business processes. The second part of the analysis is aimed at investigating change
mechanisms and at the integrated definition, transfer and monitoring of targets. It is
involved with the effectiveness of the production management structures from a cy-
bernetic perspective and takes into account management processes but not business
processes (part B).

A—Analysis of the Efficiency of the Business Processes The process follows the logic
of the process and structural analysis in the three-phases- concept developed by FIR
at RWTH Aachen University. The aim of the module is to record the actual status of
the order processing processes and the associated information flows. Methodological
tools which can visualise value streams and I'T-, process- and structural relationships
can be used to document the organisational structure and the IT landscape and to
investigate the workflow management and information flows. The record of the IT
landscape involves analysing the data and the system architecture which support the
order processing. The order processing processes are then collated into company-
wide main- and subprocesses. Standard processes with no discrepancies are recorded
first. In addition processes, which may or may not be standardised, are described in
the case of disturbances or deviations.

B—Analysis of the Effectiveness of the Production Management System Decisions
and changes within the company are seldom consciously perceived as structures
and so it makes sense to implement this analysis phase with themes that are as
concrete as possible. The financial controlling function is an ideal entry point. The
detected characteristic values provide information about the control of the opera-
tive processes and about the control of the overall system. It also provides more or
less structured forms of information about developments within the environment in
terms of sales, production development and business management, Corresponding
interviews can thus be used to create a map of the reference variables including their
dimensions. In the next stage, the question of the availability of information forms
the basis of decision-making. The recorded characteristic values are investigated to
determine the extent to which they correspond to the criteria of currency, complete-
ness, vulnerability to error, comprehensibility and relevance. If control elements
are comprehensible, the individual decision-making processes and their links are
then investigated. In this case, an analysis is made of which events can instigate or
have instigated structural changes. In this case, particularly the two basic changes
in direction from the operative to the strategic and vice versa should be analysed.
The integration of management tasks is ultimately expressed in the extent to which
changes are expressed over different hierarchical levels in successive characteristic
value systems and change processes.

Phase 2—Classification Phase The starting point of this project phase is the as-
signment of the weaknesses analysed in phase 1 to causes which relate to lack of
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completeness or lack of integration of elements of the cybernetic production man-
agement system. This therefore transfers the reality of the situation to the model
level of the cybernetic production management system. For this purpose, clusters
of weaknesses with common causes are created and then the causes are assigned to
problem-free elements from the reference model. Finally, the benefits and costs
of the design of the individual elements are evaluated in order to prioritise the
implementation sequence.

Phase 3—Design Phase Corresponding to the structure of the reference model
and the approach to analysing weaknesses, actions are once again divided into two
dimensions. The actions are detailed and implemented, their success evaluated and
the project concluded in the design phase. In the process, the main features of the
strategic actions (part B) are defined as they provide the basis for the target-orientated
development of the operative processes and their efficiency (part A).

A—Actions for Increasing the Efficiency of the Business Processes The order pro-
cessing process levels are now reorganised. In this case the project team starts with
a reference design of the main processes. The subprocesses are then developed. The
weaknesses and their causes are eliminated as far as possible by changing the pro-
cesses, information flows and control mechanisms. For this purpose the structural
model and the operative processes already developed provide a template which is
used for the design process.

B—Actions for Increasing the Effectiveness of the Production Management
System The actions for increasing the system effectiveness are implemented within
the strategic production management system. The creation of a production system for
implementing a production strategy through programmes should be the first step of
the implementation. The requirements of the operative processes and their logistical
performance, planning and flexibility are also defined at this level. In the process, the
design of the actual production strategy is only the first step and must be reflected
in the cybernetics-orientated design of the management mechanisms, information
flows and physical value chain processes.

6.3.5.2 The Potential of Optimised Inventory Management Through
High Resolution Supply Chain Management

The competitive pressure on companies is steadily increasing as they have to bring
new and increasingly customer-specific products to the market in shorter lifecy-
cle times. Customers are also demanding shorter delivery times. Implicit in these
framework conditions amongst other things are greater demands on logistics sys-
tems. Particularly affected are the areas of procurement and distribution logistics
along with inventory management at the material and also the finished product
level.

The BVL study “Trends und Strategien in der Logistik” (2005) addresses this
problem in its survey and proves that reducing stock levels and minimising capital
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Table 6.4 Design of control loop modules in the case of classical logic and HRSCM logic

Controller Classical logistics Logic of high resolution supply chain
management
Forecast of the Global average value Moving average
replenishment time
Demand forecast Simple exponential Simple exponential smoothing
smoothing
Calculation of the Dynamic calculation Dynamic calculation (current
reorder level replenishment time considered)
Procurement control Economic order Economic order quantity
quantity

lock-up costs are of great significance both for industry as well as for commerce.
Against this background, the industrial relevance of support for inventory managers
by situative automation of consumption-controlled scheduling is clear. In particular
the flexible adjustment of control loop-based logic to changing framework conditions
of procurement (for example, varying replenishment times and customer require-
ments) increases their usefulness and performance capacity as compared to classical
processes.

In a study of potential an initial development stage of the HRSCM scheduling
logic illustrated in Sect. 6.3.4.4 was compared with traditional methods currently
used in industry. It displayed clear and considerable potential for optimisation. The
investigation compared a traditional dynamic scheduling logic based on average val-
ues for replenishment times with the HRSCM logic described above (see Table 6.4).
The HRSCM logic is distinguished in this expansion stage by the regular update of
the replenishment time and its method of forecasting based on moving averages. The
study accordingly reflects the potential of continuously recording the replenishment
time and the use of actual values in planning in relation to the service and stock
levels.

The investigation included determining the service level and the accumulated
stocks achieved using the scheduling logic for different scenarios. The scenarios
were formed by the combination of different requirement and replenishment time
profiles (see Fig. 6.50) There was clear optimisation potential in the use of HRSCM
logic in the form of an 8% reduction in stock level with the same service level and/or a
46% increase in the service level with a stock level of just 12% more. This represents
a clear increase in the logistical performance capability.

6.3.5.3 Potential of Optimised Production Control Through High
Resolution Supply Chain Management

Due to the variety of improvement actions in the area of production control, poten-
tials are very difficult to quantify in general. In addition, the rate of improvement
greatly depends on the starting point of the respective control system. Therefore
it is possible only to indicate typical potentials. In the context of a case study,
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Fig. 6.50 Optimisation potential of HRSCM logic in different scenarios

the proposed concept for the configuration of production control was applied to
a job shop production system. This was characterised at the start by poor schedule
adherence, long and particularly varied throughput times and high rotating stock
levels. An Advanced Planning & Scheduling System (APS) was used to carry out
all the tasks of production control. On the basis of the above analyses, the sys-
tem was switched to FiFo (First in First out) control with shortage-orientated order
release.

Measure variables were generated over the three operating statuses of starting
status, transition phase and improved status in order to permit a comparison. Firstly,
the rotating stock or WIP (Work in Process) was designated as a measurement for
management of order releases which has a direct impact on the throughput time.
Secondly the performance of the system was measured by totalling the processing
minutes of the production orders leaving the system each day. Figure 6.51 illustrates
the results of the measurements. It is obvious that there is an initial clear drop in
performance just after the starting status. After this short fluctuation phase how-
ever a greater average performance is achieved along with a lower level of stock
rotation.
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6.3.6 Future Research Topics

So far amongst other things the requirements of company viability of have been
investigated in the “High Resolution Supply Chain Management” project. These
include the following aspects:

» Real-time capacity of systems

* Vertical integration of information flows

» Horizontal integration of information flows
 Self-optimisation of systems

On the basis of the findings obtained, research into innovative implementation options
emerges as a relevant future research theme. Therefore in the following possible
future research themes related to this issue are presented.

Real-time capability in companies means having the right information at the
right time at the right place for the right purpose (Martin 2003). Idealized real-time
systems use information immediately after it has been generated. They automatically
detect data as it is generated, avoid buffer and exhibit no medial or semantic breaks.
Idealized real-time systems also select the most important information for a decision.
They make and implement decisions automatically at the decision-making point
(Fleisch and Osterle 2004, p. 3 ff.). Real-time capability requires a high degree of
currency and an equally high granularity of data. This real-time data is generated
partly within the actual company and partly externally.

So-called vertical integration is required to be able to use the real-time data
generated within the actual company for the purposes of maximised information
transparency. Vertical integration is the synchronisation and harmonisation of the
different IT systems available within companies. In this way, for example, signals
from operative hardware units are projected into the Operating Data Acquisition
System (ODA), the Manufacturing Execution System (MES) and the Enterprise Re-
source Planning System (ERP). These operative hardware units include for example
sensors and readers from auto ID technology e.g. 2D-Barcodes or RFID tags. It is
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also possible for manipulations in the ERP system to have direct effects on vertically
integrated operative hardware units. For example, the entry of a customer order into
the ERP system could lead directly to changes in an automated scheduling system.

As with vertical integration which relates to the reconciliation and synchronisa-
tion of internal information flows, horizontal integration offers potential for future
research work. Horizontal information in this context is understood as the synchro-
nisation and reconciliation of different IT systems located within the supply chain.
The research theme of horizontal integration is highly innovative and of particular
scientific interest because relevant information for the real-time compatible design
of companies is not only generated within the company itself but can also come from
cooperating concerns. Furthermore these cooperating concerns not only include di-
rect customers and suppliers but also all the companies involved in the corresponding
added value chains, from raw materials suppliers to consumers. Industry-wide order
processing is already possible today with the use of standardised EDI interfaces.
These interfaces simplify electronic order processing. It is possible to exchange fur-
ther data in real time within a supply chain along with data about electronic order
processing. In this way, logistical cooperation concepts can be implemented with
minimum outlay and a high level of transparency. Future research themes might be
concerned for example with the implementation of logistical corporation concepts as
Web-based services. It is worth considering the IT implementation of the following
logistical cooperation concepts and/or SCM concepts.

» Collaborative Planning, Forecasting and Replenishment
* Continuous Replenishment

» Efficient Consumer Response

* Industry-wide eKanBan

» Just-in-Time/Just-in-Sequence

* Quick Response

* Supplier Relationship Management

* Value Added Partnership

* Vendor Managed Inventory.

As well as the aspects described above, self-optimisation is a central requirement of
the viability of companies. A system is self-optimising when the actual situation of
the system is continually detected by the interaction of the system elements, when
system aims are defined and prioritised within the context of a defined level of
autonomy and when the system behaviour is adjusted accordingly (Frank et al. 2004,
p- 22). In the context of the analysis of the actual situation of the system, the current
internal system status and the systems environment are investigated and described
in detail. The status description can also incorporate information from other systems
and existing empirical values.

Changing the target system can be achieved by selecting targets from a pre-
specified, discreet, finite number of possible aims, by changing existing aims or
by generating new independent aims. Adjusting the system behaviour, which repre-
sents the feedback of the system-optimising control loop, can affect the parameters,
structure or behaviour of the system (Frank et al. 2004, p. 22).



792 R. Schmitt et al.

These self-optimisation findings lead to two further questions which relate to open
research requirements:

* How can the self-optimisation of companies be achieved by the homogenous use
of control logics?

* How can the reference value corridor of the operative unit be dynamically
reconciled with a company’s target system?

The integral use of control logics for the self-optimising control of a company follows
the cascading principle. At the lowest hierarchical level, there are many control
loops for continuous self-optimisation of the operative units which have already been
intensively researched in the context of “system 1” within the project. These control
loops work at a hierarchical level and are interconnected by defined interfaces. In
case that it is not possible to control the operative units, pulses must be generated
from a higher hierarchical level. These points were defined in the previous project
as “system 3”. From a control perspective, the pulse generator corresponds to a
higher level control loop which can control subordinate control loops by varying
additional control variables. This type of enmeshing of control loops can be organised
according to the St. Galler Management hierarchical company structure. The highest
cascade would accordingly represent the normative control of the company which
was described in the previous process as “system 5”.

Modelling this kind of complex system of enmeshed control loops must start at
the lowest level to ensure that all relevant input and output variables are taken into
account. The sales forecast and requirements planning are core tasks of production
planning and control (PPC). They are particularly well suited to initial modelling
and are analysed more closely below.

Amongst other things the following information flows must be taken into account
in the control of sales forecasting:

» Historical trends of item- and customer-specific sales

 Internal company disturbance factors e.g. price fluctuations and sales promotion
activities

» External disturbance factors e.g. sale of competing products and customers’
promotional activities

» Sales forecasts of direct customers and indirect customers up to the consumer

Amongst other things the following information flows must be taken into account in
the control of requirement planning.

* Item- and customer specific gross requirements
» Item- and customer specific stock levels

+ [tem- and customer specific sales forecasts

» Stock level status (booked/available)

The second question generated by the requirement of self-optimisation describes the
reconciliation of the reference value corridor with the dynamically changing target
system of a company. The target system of a self-optimising system plays a decisive
role in the system optimisation and comprises internal targets which can adjust and
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change the system within the constraints of its autonomy based on external targets
that are imposed by the direct environment or by other systems or inherent targets
which results from the purpose of the design of the system (Frank et al. 2004, p. 30).

The need to adjust targets results from the localised analysis of preset targets
prevailing within companies. In the case of non-uniform target setting, individual
targets can cancel one another out with the result that preset priority targets cannot
be met (Mélck 2001, p. 30 f.). Production economy target systems are the basis of
financial production control whose task it is to reconcile production management
with the production system (Hoitsch 1993, p. 27 f.). The literature contains a variety
of approaches for company target-setting systems. These include target systems
with a monetary focus (DuPont system, ZVEI system, RL system (Becker 2008, p.
166 ff.) or comprehensive target system concepts e.g. Balanced Scorecard according
to Kaplan and Norton (2006)).

In order for a company to operate in accordance with its target system, a link must
be created between this target system and the control mechanisms. Input variables for
the system of interlinked control loops are specific parameters which in turn define
reference value corridors within the control loops. The synchronisation of precisely
these parameters with a previously-defined target system could be considered as a
future research theme. To answer the research question mentioned above one might
address the following secondary questions:

» How is the target system of a company structured?

* What interdependencies exist between the individual targets of the target system?

» At what points does the target system directly influence decision-making within
the production management system? What mathematical relationship can be
created?

+ Is it possible to connect the target system with the enmeshed control loops of the
production planning and control systems such that changes to the target system
influence the reference value corridors of the PPC?

6.4 The Road to Self-optimising Production Technologies

Ulrich Thombansen, Thomas Auerbach, Jens Schiittler, Marion Beckers, Guido
Buchholz, Urs Eppelt, Yves-Simon Gloy, Peter Fritz, Stephan Kratz, Juliane Lose,
Thomas Molitor, Axel ReSmann, Heiko Schenuit, Konrad Willms, Thomas Gries,
Walter Michaeli, Dirk Petring, Reinhard Poprawe, Uwe Reisgen, Robert Schmitt,
Wolfgang Schulz, Drazen Veselovac and Fritz Klocke

6.4.1 Abstract

A product’s success in its market is influenced by both technical and economic factors.
If its fitness for purpose is given on the technical side, production costs come into
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focus. In an age of short-lived products and fast innovation cycles, manufacturing is
coerced into being able to produce economically small production runs and individual
items. While in mass production mostly costs relating to processing time dominate,
the critical factor for production of individual items is often the time for production
setup. In both cases, the resource-efficient achievement of product quality is a basic
requirement.

Developments in the past have often aimed to increase performance of production
systems by means of increasing processing speed. Advances in control technology
as well as in drives have allowed the construction of machines where processes are
pushed closer towards their physical performance limits. Processing at the limit of
these process domains requires precise knowledge of the relationships between the
setting parameters and their effects on process stability and processing result. The
precondition for this kind of process control is knowledge about the conditions at
the current operating point, in order to decide on the adaptation of values for setting
parameters.

The described relationships clarify, that a multidimensional and highly non-linear
task has to be mastered, which imposes genuinely new challenges to control systems.
Existing approaches have only partly achieved industrial application so far. Many
expert systems and Artificial Neural Networks, for example, do not yet have the
stability and clarity of response needed for use on production machines running over
multiple shifts.

Research in the area of self-optimisation aims to enable technical systems to adapt
themselves to changing process conditions. To achieve this, research is needed in
the area of process modelling and the development of reduced models to optimise
setting parameters, the development of cognitive systems to determine the current
operating point, and the creation of control and adjustment systems which, based on
machine-readable models, decide and adjust setting parameters for themselves.

The concept of Model-Based Self-Optimisation opens the path to the integration
of process models into technical systems which, by using cognitive components, are
able to determine for themselves the current operating point within the parameter
space, and use this to start carrying out process control. The basis for this is the
methodical collection of information about the production process and the creation
of reduced models, which can be used to define the target values and how they depend
on the parameters with sufficient precision. On the basis of this process knowledge
optimisation systems are created, in combination with decision algorithms, which
enable an autonomous control of the production system achieving the defined target
values, even when random disturbances occur during processing.

For this kind of functionality it is necessary to collect information continuously
from the process and process it. The formulation of models to describe the product
quality requires knowledge of quality relevant relationships between setting parame-
ters. Even if the initial level of implementation does not provide autonomous process
control, this knowledge can already be transferred into application. Validation of the
research results on real life examples has led to the concept of information-processing
sensor-actuator-systems (ISA-systems). These offer a way for Model-Based Self-
Optimisation to realise flexible and re-configurable control platforms which can
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translate externally prescribed objectives into internal setting parameters using re-
duced models. This creates an abstraction layer between optimisation and machine
control, which also permits implementation of stability and safety strategies.

The continuation of the research project addresses the extension of the parameter
space under consideration. Where models are already based on multi-dimensional
input parameters, a direct application as a control system is often rendered impossible
by the complexity and the resulting scale of calculation resources required. As well
as issues of process stability it is also necessary to model the process-machine inter-
actions. But set-up assistants which exist already, and the first controls using scalar
parameters are indicating today the potential and the sustainability of the concepts
developed.

The solutions achieved in the area of self-optimisation of technical systems, and
the documented progress in the area of production processes is based on work carried
out by five research partners, who all contributed to the generic solution with diverse
requirements, which in turn advanced the specific solution for each application.
Many of these results have been transferred to industry, and a common platform was
created as a basis for the second phase of the project. Under the title “self-optimising
manufacturing systems in verbund”! open issues are addressed and the area impacted
by self-optimisation is extended. With this approach, the whole production site comes
into the design scope. This opens up the perspective onto an extended approach to
manufacturing planning, in which the entire chain from product design through to
manufacturing can be considered. Changes in specifications can hence be assessed
with respect to their impact on the manufacturing process.

6.4.2 State of the Art

6.4.2.1 Artificial Intelligence

The concept of Artificial Intelligence (AI) was established in the 1950s by McCarthy
(1959). Today, there is no distinct area of impact of the Al due to its diversification
and transfer to a multitude of topics. Nevertheless, a certain set of Al methods can
be named, which have been used in industry for process monitoring and control
purposes.

Originally the first artificial systems aimed at the development of so called expert
systems (Savory 1985). Expert systems are numeric systems, which collect and store
information about a certain task, draw conclusions based on the gained knowledge
and offer solutions to specific problems within the task (Engesser 1993). The stored
knowledge, the rules and the input information that is to be processed—the facts—
create the knowledge base of an expert system. This knowledge base contains two

' Verbund in this context describes the union of cooperating manufacturing systems which them-
selves react autonomously to changing requirements such that all entities within the union together
achieve the global objective of the union.
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types of knowledge: static, field-specific knowledge, which does not change during
a consultation, and case-specific, dynamic knowledge, which is created using an
inference engine or can be entered by an experienced user. This knowledge is struc-
tured in the form of relatively simple rules and facts, which as a whole represent the
expert knowledge. Expert systems have been developed for the most diverse areas
of interest. Examples are: informative and advising systems for design and synthesis
in construction or fault diagnosis systems in assembly. (Mattke et al. 1993; Puppe
etal. 1996; Cremers 1991). However, the use of expert systems often failed due their
high acquisition and maintenance costs as well as due to the fact, that the heuristic
knowledge bases and the programmed applications itself were error-prone. In most
cases, the sensitivity of the overall system towards partly inherent knowledge gaps
and faulty assumptions had a significant influence on the system’s overall function-
ality. Therefore, such expert systems were not able to replace professional experts,
but can be used to support their activities.

Artificial Neural Networks (ANNs) model the principle functionality of a brain, in
that units which work in parallel, the neurons, are linked to each other via directional
connectors. The structure of the network needs to be recreated for each individual
problem, where it is impossible to predict its necessary topology in advance. The
adaptation of an ANN to the problem is executed subsequently, for example by
changing the values of a weight matrix using the back-propagation algorithm (Borgelt
et al. 2003). The result of the learning process is an analytical function, which treats
the given input information as a variable vector and the received output information
as a result vector (Grauel 1992). One of the disadvantages of applying ANNs lies in
the sensitivity of the network to the input data. Therefore, the training data and the
system topology itself need to be selected in tight reference to the specific issue, in
order to avoid overmatching or faulty decision bases. In addition, it is never certain
that with an optimisation the global optimum is found.

Genetic algorithms (GA) belong to the class of evolutionary algorithms and are
based on the principle of “survival of the fittest”. This procedure uses populations of
potential solutions and selects promising individuals based on their fitness. Based on
the selection, new populations are created by combining the properties of the selected
candidates. The candidates in the new population are changed by stochastic mutation,
and an additional selection is performed. Evolutionary methods are suitable to handle
any problems that are presentable as character strings or tree diagrams (Heidrich
2001).

6.4.2.2 Self-optimisation

Research in the area of self-optimisation covers the development of methods and
systems for its implementation, as well as research on the processes to generate the
required detail in process understanding. CoTeSys (Cognition for Technical Systems)
for example is a project that investigates cognitive solutions for different technical
systems such as factories, vehicles or robots. In the case of robots, the corresponding
system is a human being and the cognition of these systems is implemented as
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a classic humanoid form. Hereby, the perception and orientation of the system is
achieved using cameras for visual and microphones for audio input, in order to
perceive the request that is imposed on the technical system. Alongside the technical
aspect, Bannat et al. are researching the basis of humanoid coordination as part of this
project. Regarding self-optimisation the project’s contribution to self-optimisation
consists of investigations on a robot’s reaction to unforeseen events (Bannat et al.
2008; Laue and Rofer 2006).

In the field of communication networks, strategies for self-optimisation are
already implemented (Litoiu et al. 2005). For example Witkowski et al. use self-
optimising systems for the automatic creation of mobile ad-hoc communication
networks between robots based on swarming behaviour (Witkowski et. al. 2008).
Systems like these generate humanoid robot systems for disaster scenarios which
improve their skills by learning.

Self-optimisation is also used for mechatronic systems such as the guidance mod-
ule of rail-based vehicles. In the area of mechatronic systems, research was done
on the needed system structure to achieve internal objectives with the assistance of
classic control algorithms (Gausemeier 2005). This work was done in the context of
the German collaborative research centre 614 “Self-optimising systems in mechani-
cal engineering”, which is currently being worked on at the University of Paderborn.
Along with fundamental research on the general understanding of self-optimisation,
methods and tools are developed to realise self-optimising products. The developed
solutions employ sensors and actuators to control mechanical systems (Isermann
2002). In most cases, these have the advantage of being able to measure and evaluate
their operating point directly in order to draw conclusions about their current status
without having to build a model.

Production systems must meet the requirement to control machine components
and a physical process simultaneously. Therefore, the realisation of self-optimisation
for manufacturing systems often has to deal with the management of multi-
dimensional parameter spaces and non-linear relations between setting parameters,
process variables and process result. It requires solutions for handling complexity
within the very short time-scales which are available for numerical calculation and
optimisation algorithms during the production process. Nevertheless, the potential of
self-optimisation for manufacturing processes in terms of reducing set-up time and
improving a process’s stability is large (Schmitt and Beaujean 2007). The expected
added value from turning this potential into practical use in manufacturing scenarios
in high-wage countries is therefore a strong driver for research activities in this field.
The state of the art in technology shows gaps and starting points for the focussed
manufacturing processes.

6.4.2.3 Meta-modelling and Model Evaluation

“Meta-models” in this context are numeric surrogate models that describe relation-
ships between input variables and output variables on the basis of data sets. They
therefore take the place of the complete physical description of the manufacturing



798 R. Schmitt et al.

process, also known as a white box model, and in this respect describe a pro-
cess’ behaviour, without having to be process-specific with respect to the modelling
procedure. Suitable approaches to multi-dimensional data interpolation and data ap-
proximation are offered by regression models, Artificial Neural Networks (ANNs)
or Radial Basis Functions (RBF), which from the modelling point of view are named
black-box-models (Stork et al. 2007; Buhmann 2003). If process knowledge is in-
cluded in the selection of the base functions or in the implementation of the model
structure, then these models are considered to be grey-box-models. The process
of creating a meta-model includes a series of steps which determine the quality of
the resulting model. The decision which parameters are taken into account, the data
sources, as well as the data structure and model structure, are just some of the possible
sources of influence which require a high degree of expert knowledge when creating
a meta-model and defining the configuration parameters (Coit et al. 1998). While
these steps are usually carried out manually and case by case, there do exist common
tools for the implementation of models, in the form of application programmes such
as Matlab, SNNS (Zell et al. 1991), DesParO (Stork et al. 2007) or SUMO (Gorrisen
et al. 2009). DesParO, programmed by the Fraunhofer Institute for Algorithms and
Scientific Computing (SCAI) very rapidly creates surrogate models with the help of
Radial Basis Functions (RBF). It is distinctive because it has a sensitivity analysis
for input values and output values which means that irrelevant parameters can be
identified and eliminated. This allows models to be downsized, meaning a reduc-
tion in the amount of numerical calculations to be executed. The SUMO product
is sold by the Interdisciplinary Institute for BroadBand Technology (IBBT) at the
University of Gent, as a toolbox for Matlab. Besides Radial Basis Functions, this
platform also offers rational functions, splines, neural networks and support vector
machines. In addition to standards like the squared error, algorithms such as pattern
searching or particle swarm optimisation can be used to optimise models. SUMO
offers an open system structure which allows the export of all model parameters and
model functions. This allows the meta-models developed to be transferred to other
platforms, such as real-time systems (Efron and Gong 1983).

Cross-validation is a procedure which allows the determination of the forecasting
quality of a model with respect to process behaviour which can also be used to
compare different models. For this, a data set with N data records is split into k
subsamples (k < N), then, while removing one subsample each time, the single error
rate from the training with the remaining samples is calculated. A special case in
cross-validation is the leave-one-out, where each time one single data record is held
back, so that if the data set consists of N data records then k=N. This also allows
evaluation of the local error for the data point held back.

6.4.2.4 Manufacturing Processes
Milling Monitoring and control systems available in the market are limited in their

field of application. Hereby, in most cases the recognition of a process disturbance is
accomplished comparing measured process signals to reference curves acquired at
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stable process conditions. Therefore, recognition, evaluation and avoidance of distur-
bances are closely connected to specific operations. Due to their lack of transferability
these strategies are not suitable for use in single item or small lot manufacturing.
Here, system solutions are needed that enable a reliable process control at varying
process conditions. This requirement applies at an even greater extent to machining
freeforms, due to a continuously changing tool engagement (Reuber 2001).

The continuously changing boundary conditions and the special characteristics
of hard to machine materials often require compromises in planning 5-axis milling
processes. Therefore, in most of the cases conservative parameters are chosen, that
lead to an overall drop in productivity (Li et al. 2004), increased costs and machining
time, which are especially a constraint on competitiveness for production facilities
in high-wage countries.

In the past, system-based approaches to control the manufacturing of complex free
forms have been researched, but show substantial disadvantages in their industrial
applicability. Ismail developed a system solution to suppress process vibrations when
milling turbine blades, applying an offline adjustment of the feed-rate in combination
with an online control of the cutting speed. Hereby, the feed-rate scheduling approach
was more successful than the online control of the cutting speed, which at this
point seemed as technically not feasible (Ismail and Ziaei 2002). The approach
of controlling the feed-rate was also investigated by Erdim et al., where the feed-
rate adjusted is non-proportional to the material removal rate. This approach can
only be applied during the process planning steps, and not in process control, as
the calculation required is too time consuming for online applications (Erdim et al.
2006). Dohner et al. developed an active control system which was able to manipulate
the vibration behaviour of the tool and the spindle as a function of the dominant
system vibrations. Using sensors and actuators, they eliminated process disturbances
caused by vibration, such as chatter vibration. Although the implementation of a
prototype was successful, the transfer of this solution in industrial applications has
not been realized until today (Dohner et al. 2004). Mane et al. researched the control
of process stability during finish milling thin-walled components by adjusting the
cutting speed. Here, it was possible to determine the stability limits of the process
offline, and to carry out an upstream process planning, reducing the number of cost-
and time-intensive test runs. As this approach requires too much calculation time
its applicability towards an online control was proven to be unsuitable for industrial
practice (Mane et al. 2008). In 2008, Ferry et al. presented an approach to the
optimisation of the feed rate where operating domains and the maximum allowable
feed-rate for predefined operating points are calculated (Ferry and Altintas 2008). An
approach that was also not applicable as an online solution, because of the required
computing resources.

In summary, the current state of research covers certain approaches regarding
process optimisation and process control, but did not reach the level of industrial
applicability.

Plastics Injection Moulding The precise manufacture of complex and high-quality
formed parts from thermoplastic substances produced by injection moulding, places
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high demands on the design of its tools, as well as on the process itself (Kudlik 1997;
Menges et al. 1971). Conventional process control, now established for decades
in injection moulding, is based on controlling the screw speed during the injection
phase, together with the hydraulic pressure in the injection cylinder or the force
acting on the screw during the holding pressure phase. The influence of the screw
speed on the forming process in the mould cannot be clearly defined, because of
various disturbances, such as variations in materials, pressure and temperature, as
well as requirements on environmental conditions (Menges et al. 1971). Variations
in quality of moulded parts from one run to the next are the result. These variations
occur mainly after process set-up, since with conventional process control, at the
start of production steady thermodynamic conditions need to be achieved.

After injection of the melt into the cavity, the holding pressure phase begins,
where the material begins to shrink as it cools. By applying pressure, additional
material is inserted into the cavity in order to compensate shrinkage. The pressure
and temperature within the cavity have a particular importance here, as these values
define the shaping of the moulded part. In an injection moulding machine, both
electric motors and the hydraulic cylinders are used as actuators during the hold
pressure phase. This means that by using the position signals on the servo-inverter or
on the hydraulic vent, the pressure plot within the cavity, the so-called cavity pressure,
can be adjusted. Based on the relationship between pressure, temperature and specific
volume, or pvT ratio, which varies by material, by measuring the temperature a
pressure can then be calculated to give a constant specific volume.

Both the direct adjustment of the cavity pressure and the adjustment of the target
pressure course according to changes in boundary conditions of the process are
included in some existing approaches in science and industry (Michaeli et al. 1992;
Pramujati et al. 2006; Smud et al. 1991; Arburg 2010). Due to the behaviour of the
controlled system, which is sharply non-linear, time-variable, and includes a time
delay, the solutions provided so far which manage the cavity pressure settings and
which are mainly based on PID controllers with an adaptation of the parameters,
have not led to satisfactory results (Michaeli et al. 2004). The realisation of a freely
selectable cavity pressure with a high level of precision and reliability, while being
highly dynamic and with simple set-up and adjustment of the control system has not
been solved so far.

To adjust the planned course of the cavity pressure to the boundary conditions of
the process, the strategy of pvT-optimisation is well known, which allows a calcula-
tion of the necessary pressure course for the requested quality of moulding, depending
on the melt’s temperature course (Johannaber and Michaeli 2004; Michaeli and
Lauterbach 1989; Menges and Thienel 1977). Based on the unsolved challenge of
the control of the cavity pressure, the effects of pvT-optimisation on the quality of
the mouldings could only be partially demonstrated.

Welding In the field of automated complex gas metal arc welding (GMAW) pro-
cesses, the selection and setting of suitable welding parameters for specific welding
tasks today is still done by the welding equipment operator. This implies well-founded
technical experience and welding expertise of the operator in order to set the required
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welding parameters optimally for the given boundary conditions. The identification
of optimal welding parameters for each application requires time-consuming, em-
pirical welding tests. Since the mid-nineties some approaches have been developed
for monitoring and controlling welding processes using Artificial Intelligence (Al).
One application using Artificial Neural Networks (ANNs) aimed to predict weld-
ing seam geometry based on machine setting parameters that were entered off-line
(Middle and Li 1993). Furthermore, the prediction of weld seam quality based on
statistically processed transient data was also a focus in many developments in the
field of on-line quality surveillance (Magbool et al. 1998; Heidrich 2001; Kim et al.
2004, 2005). In addition, the use of Neural Networks for the detection of weld seam
imperfections was investigated to determine weld seam quality. For this, process
stability and the occurrence of spatter were determined using the transient process
measurands welding current and welding voltage, wire stick-out lengths and torch
angle (Kim et al. 2005). While Martin has used statistical data based on the electric
process measurands for the detection of spatter and weld seam imperfections (Martin
1994), Gladkov et al. used the acoustic power density spectrum to identify weld seam
imperfections (Gladkov et al. 1998). The optimal use of neural networks demands a
sufficient quantity of training data to appropriately cover the process domain to be
modelled, which results in enormous investments of time and economic expenditure
to carry out the required welding tests (Matteson et al. 1992; Hichri 2005).

In another approach an expert system was used for on-line process optimisation
of GMAW processes. For this, a dialogue-based, off-line expert system to determine
parameters and optimise processes was modified, extended and linked to the welding
process via a process computer. Several sensors were used to collect information
about the welding process. To calculate the target seam geometry, the seam surface
was measured by an optical sensor located behind the welding torch. By means of
fuzzy logic the weld seam geometry, including the penetration depth was classified.
At the same time, the electrical process measurands of the welding process were
recorded which, together with the result of the evaluation, were used as input values
to the on-line process optimisation by the expert system. The spatial distance between
the sensor and the welding torch proved problematic in these works, as this spatial
distance resulted in a time lag for the sensor information limiting the controller
capabilities (Roosen 1997).

Laser Beam Cutting Sheet metal processing industry has, due to globalised mar-
kets, an increasing demand for cost efficient and flexible manufacturing systems.
CO,-Laser beam cutting machines enable the processing of a wide range of different
types of materials, and thicknesses of material, which ranges from a few tenths of
a millimetre thick stator sheets for electrical motors, to 30 mm thick stainless steel
for power plant construction. With machines of this type, either individual items
can be produced for medium-sized production companies or mass production parts
for automobile construction. The local relevance of this is shown by the share of
5,200 laser flat-bed cutting machines sold in 2008, of which 37% were installed in
Europe (Belforte 2009).
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Along with the wide range of different materials, high cut quality and the ability to
reproduce it are both significant factors for competitive production and machines. A
smooth and dross-free cut saves expensive post-processing. Under laboratory condi-
tions, the use of photo diodes or acoustic detectors was experimentally investigated
to capture signals for controlling the cutting process (Keuster 2005). Along with the
non-spatially-resolving sensors, cameras were used to capture geometric and thermal
process emissions. For example, Haferkamp was able to use a heat-sensitive camera
to show a correlation between temperature distribution in the interaction zone and
the quality of the cut (Haferkamp 1999). Control of the setting parameters based on
process changes such as, for example, variable properties between batches of mate-
rial, or ageing and dirt on optical components which affect the laser beam, has so
far only been accomplished in the laboratory (Keuster 2007; Schneider 2004; Zheng
1990).

In laser cutting systems today, devices such as penetration sensor systems, auto-
matic nozzle changers, laser power controllers or the distance control of the cutting
head have become state of the art. On the other hand, values for processing param-
eters are taken from empirically determined technology tables and adjusted by the
user as necessary. The anticipated product quality is therefore dependent, among
other things, on values such as the composition of alloys and the drift in focus po-
sition, which in an industrial setting leads to a loss of quality, or to increased costs
for set-up and maintenance. Controlling the product quality today is still not state of
the art.

Weaving The weaving process is noted for its very high efficiency. Once set up
correctly for a certain fabric, a loom produces reliably for a long period. To further
improve productivity, textile producers attempt to achieve this stable condition faster
than before. Shortening set-up times after a change of fabric therefore allows a further
increase in productivity.

Generally, when setting up a loom for a fabric, setting parameters are used from an
in-house operations database. For new fabrics, setting parameters must be established
experimentally. These tests involve additional costs for weaving mills. Costs are
caused by the loss in productivity on the machine, plus the materials consumed during
the set-up phase. Weaving mills in Germany in particular have high costs caused by
set-up due to the intensive personnel time involved. In addition, the fabrics which are
manufactured are generally technical fabrics. The raw material for technical fabrics,
as for example aramide, glass and carbon, are expensive compared to raw materials
for the clothing industry.

To shorten the time needed to find correct setting parameters for unknown fabrics,
the company Picanol NV Ypres, Belgium introduced the EasyStyle-System in 2006.
This system suggests machine settings based on a database of weaving parameters.
The database contains setting parameters from many different weaving mills who
have released their data for this system. The proposed machine settings in this system
are not correlated to resulting characteristics in product quality.
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At the Institut fiir Textiltechnik at RWTH Aachen University (ITA) an intelligent
set-up assistant was developed to reduce the set-up time. The core of this set-up
assistant uses the warp tension as the process measurand. Warp tension is a deci-
sive process variable for weaving processes. It influences the machine’s running
behaviour, for example the number of warp breakages, or the cleanness of the front
shed and therefore the weft breakages. The sum of these factors defines the economic
efficiency of the weaving process.

By the combination of an Artificial Neural Network and an Evolutionary Algo-
rithm, the set-up assistant defines the optimum course of the warp tension. This
course is evaluated using defined performance criteria. A disadvantage of the set-up
assistant is the extensive effort to train the Artificial Neural Network. In addition, no
parameters for product quality are taken into account here.

6.4.3 Motivation and Research Question

The efficiency of production in high-wage countries has a significant impact on the
total costs of a fit-for-purpose product. The further development of manufacturing
systems therefore has to contribute to reducing costs per item through maximum
productivity.

Classic controller structures are in most cases not suitable for controlling and
optimising modern manufacturing processes. Processes are increasingly highly dy-
namic, and the interaction between input values and the processing result are mostly
non-linear. Stability limits are therefore determined by a number of parameters and
their correlations. Because of an increased number of materials to be processed,
and because of batch variations, there is an increasing number of variations in the
process input values which have a significant influence on the processing result. In
addition, alongside geometric precision, in particular for safety critical components,
requirements also apply for the creation of particular properties such as, for exam-
ple, surface integrity. All this taken together shows clearly that for high performance
processes a large number of functional criteria need to be produced within narrow
tolerances. Consequently, this means that optimisation is also only possible in small
process windows. Particularly in on piece flow production, this increases the pro-
duction and testing effort because barely any consistent process models are available
to describe the dependencies. The applied techniques for setting up a stable process
are predominantly based on empirical methods.

It is from these circumstances that the research question is derived, whether tech-
nical systems can be enabled such that, under variable process conditions, they can
autonomously steer the process at the performance limits, and reliably achieve the
prescribed objectives. A pre-condition for this is that the system must know about
the process at any time, and generate suitable values for setting parameters itself.
This can also be stated more generically as follows:
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Can complex and variable manufacturing processes be set up, monitored, controlled and
adjusted by systems based on reduced physical models while taking the manufacturing history
into account?

The research question addresses basically two areas. The creation of reduced physi-
cal models and in progressive steps the set-up, monitoring, as well as controlling and
adjusting of a manufacturing system. The last part of the research question draws the
production history, which contains information about relevant upstream manufactur-
ing processes, into the design frame and optimisation frame. The necessary cognition
of the technical system must be built such that all parameters which influence the
processing result can be determined during processing, and the manufacturing sys-
tem can make the required changes in the process behaviour in an adequate manner.
What is principally needed for this, is that all relevant information about the current
and the upstream manufacturing steps can be made available in a usable way.

As a first approach, the ability to model manufacturing processes is a signifi-
cant task. Only once setting parameters and target values are combined in causal
relationships and formally linked, the process can be modelled.

The following research hypothesis is derived from the research question: It is pos-
tulated that “Model-Based Self-Optimisation”, consisting of a process model focused
on product quality, and the necessary cognition, will be able to run a manufacturing
process autonomously at the technical limits of the process domain, in such a way
that consistent quality is achieved through all disturbances.

To verify the research hypothesis the following topics need to be studied:

* Modelling: The transfer of process knowledge into machine-readable models for
product quality oriented process control and process adjustments

» Cognition: The development of suitable cognitive components for technical
systems to determine the status of a process

» Control and adjustment: The control and adjustment of highly dynamic man-
ufacturing systems, where the course of the process is unknown at the start of
processing.

To create a generic solution in these areas, research will be carried out on five rep-
resentative and practically relevant processes, while the model evaluation is viewed
horizontally.

* Gas metal arc welding Welding and Joining Institute (ISF) of the RWTH Aachen
University (ISF) with a manufacturing system from the industry partner CLOOS.

* S-axis milling Laboratory for Machine Tools and Production Engineering of
RWTH Aachen University, Chair of Manufacturing Technology (WZL-TF) with
a manufacturing system from the industry partner MAZAK

» Laser beam cutting Fraunhofer Institute for Laser Technology (ILT), Chair of
Laser Technology of RWTH Aachen University (LLT)/Department Nonlinear
Dynamics of Laser Processing (NLD) of RWTH Aachen University (NLD) with
a manufacturing system from the industry partner TRUMPF

* Plasticinjection moulding Institute of Plastics Processing at RWTH Aachen (IKV)
with a manufacturing system from the industry partner ARBURG
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* Weaving Institut fir Textiltechnik der RWTH Aachen University (ITA) with a
manufacturing system from the industry partner PICANOL

* Model evaluation Laboratory for Machine Tools and Production Engineering
of RWTH Aachen University, Chair of Metrology and Quality Management
(WZL-MQ)

6.4.3.1 Research Questions for Partners

Model Evaluation (WZL-MQ) Meta-models in the current context represent data
records of measured values in the form of mathematical functions by means of
interpolation and approximation. The creation of the models includes a series of
steps which have an influence on the quality of the predictions. The choice of the
setting parameters considered, the data sources, as well as the design of the model
structure require apart from expert knowledge often also manual selection to achieve a
good representation of the process by the model. The approach consists of visualising
and evaluating the model quality and deriving strategies for efficient model creation,
taking the influencing parameters into account. The derived question is as follows:

How can surrogate models for diverse processes be efficiently created and evaluated with
respect to the model quality, taking into account the influencing variables of model pur-
pose, process robustness and complexity, choice of parameters and their density, spread and
distribution?

Milling (WZL-TF) In 5-axis milling operations of free-form surfaces, the cutting
conditions and therefore the process behaviour changes along the processing path.
This results in a constant variation of the control-path behaviour of the production
system itself, which prevents the implementation of a standard control system. The
approach is the development of a model-based control. If it can be achieved to
describe the control path behaviour in relation to the respective cutting conditions,
then a stable process control can be realised that additionally includes the current
cutting condition. This would be a substantial step on the path towards the overall goal
of self-optimisation for a 5-axis milling process. From this context, the following
research question for the 5-axis milling process is derived:

Is it possible to realise a model-based, self-optimising control of the 5-axis milling process,
that takes the current time- and position-dependent cutting conditions into account?

Welding (ISF) Automating welding systems that use the gas metal arc welding pro-
cess (GMAW), often results in problems which negatively affect the required weld
quality due to changes in process boundary conditions. The main causes of these prob-
lems are tolerances in component size, tolerances in positioning of components, as
well as tolerances in previous finishing steps and tolerances due to thermal distortion
caused by the welding process itself. Monitoring the welding process and applying
an automatic correction of the welding parameters in case of deviations is often nec-
essary to ensure the required weld quality. In the past, these problems have been
approached in various ways, but these were always application specific solutions.
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These required a time consuming collection of empiric data records by a welding ex-
pert, both for the initial set-up process and for carrying out the welding experiments.
Therefore, the following research questions are posited for GMAW-welding:

What optimisation methodology allows the generation of application-independent and model-
based correction parameters, without having to carry out time-consuming and cost intensive
welding tests?

How, on the basis of information supplied by sensors during the welding process, can the
current weld seam quality be determined using a model? What further requirements must be
met by self-optimisation strategies in order to create optimum correction parameters based
on the required weld seam quality characteristics?

Plastics Injection Moulding (IKV) For plastic injection moulding the product qual-
ity from a business point of view is determined by the resources required for set-up,
and the cycle time, while from a manufacturing technology point of view, the weight
and dimensions of the finished part are the major determinants of quality. The self-
optimisation approach for plastic injection moulding consists of adapting the planned
cavity pressure course, using the boundary conditions captured by metrology, such
as for example the temperature in the cavity. The pvT-behaviour of the plastic can
be used as a quality model, in order to enable the self-optimisation to compensate
disturbances, such as temperature fluctuations. The research question therefore is:

How can a self-optimising system be developed, built and applied, which is capable of
ensuring constant product quality during injection moulding, by means of direct control of
the cavity pressure, taking into account the pvT-behaviour?

Laser Beam Cutting (ILT/LLT/NLD) The laser beam cutting process is being
investigated with respect to self-optimisation of steel sheet cutting, particularly fo-
cussing on stainless steel alloys. As the composition of the alloys itself has a major
impact on product quality, the modelling activities in this area are supported by an-
other sub-project (see Sect. 4.4) addressing metallurgical investigations. The quality
of a laser cut product is determined economically by the time for set-up of the man-
fuacturing system, as well as the time and resources needed for the processing itself.
In particular, the set-up of both the machine and the process for manufacturing of
individual parts using special materials, have a significant impact on the economic
efficiency of manufacturing. On the manufacturing technology side, the roughness
of the cut edge and the amount of dross are the factors which determine quality.

For the laser beam cutting process there are challenges in the area of sensors and
control, as well as process modelling. Measuring the values which characterise the
process is currently an unsolved problem, due to the inaccessibility of the cut front.
Due to the highly dynamic nature of the process, the question of how to execute
control embraces the selection of setting parameters as well as suitable strategies to
influence them a short time scale. Therefrom, three central questions arise for the
laser cutting process:

How can the laser cutting process be described such that machine-readable models for self-
optimisation can be derived? How can process variables be measured which allow deducing
product quality during laser beam cutting, so enabling self-optimising control of the laser
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cutting machine? How can a laser cutting machine be controlled so that the cutting process
itself can be optimised?

Weaving (ITA) The number of possible settings on a loom is very high. The individ-
ual components of aloom which are adjustable cannot be considered in isolation from
each other. In most cases there is a complex interaction of the individual components.

The result of weaving is a product, the fabric, whose quality needs to be measured
and evaluated. A direct transfer of the target value, product quality, to the multitude of
setting parameters can currently not be expressed in closed form. The need for high-
quality products and high-quality manufacturing in high-wage countries requires
exactly this closed-form expression, and above all the feedback of target oriented
setting parameters into the machine. A model-based approach is required to capture
multi-parameter systems, to intelligently process and directly align to the target
values. For the weaving process thus the following question exists:

Is a multi-parameter system with the target product quality able to autonomously set mul-
tiple parameters on-line, by using a model-based evaluation algorithm in order to enable
sustainable, intelligent production in high-wage countries?

6.4.4 Results

Increase in productivity entails not only the reduction of processing time, but also
considerable challanges. In materials processing, higher performance of tools and
faster drive technology with higher precision create new requirements for process
control. If a process is to be run at its technical limits, then to ensure its stability it
must be robust against disturbances. Static setting parameters meet this requirement
through holding off the stability limit by experimentally determined safety margins.
This limitation can be overcome if the manufacturing system is able to recognise
critical operating areas within the process, and if a multiplicity of parameters can
then be adjusted as needed within a very short time-frame. The prerequisite for this
are technical systems which can determine their own operating point and can adjust
their behaviour on-line. These are the fundamental characteristics of Model-Based
Self-Optimisation.

Model-Based Self-Optimisation for manufacturing systems offers methods and
strategies which can be used to run highly complex and highly dynamic manu-
facturing processes safely at their performance limits. In this area of design, the
development and qualification of cognitive entities for the determination of oper-
ating points, and the application of reduced models to predict product quality is a
major challenge. The high-level methodology for creating the model and the design
for self-optimisation are stated generically. The process models developed, the cog-
nitive components created, and the set-up assistants implemented demonstrate the
approach to Model-Based Self-Optimisation.

The concept of self-optimisation in the current context is defined as: Self-
optimisation of a technical system consists of its adaptation to changing process
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inputs and boundary conditions based on embedded expert knowledge and direct
process information without external intervention, so that the required output values
are achieved optimally.

The realisation of this concept is divided into two functional areas, the implemen-
tation of a system to optimise the process to match externally specified target values,
and a system to transform internal objectives into control of setting parameters.
Research in this area can be summarised under three main headings:

» Execution of Model-Based Self-Optimisation for manufacturing systems.
» Cognitive functions of technical systems for self-optimisation.
* Description of processes by models.

6.4.4.1 Model-based Self-optimisation for Manufacturing Systems

In product design customer needs are defined as functional and economic require-
ments for an end product. As part of the construction process these give rise to
technical demands on components, which are each produced by a manufacturing
system. Manufacturing systems fulfil the task of taking an input product and creating
from it the requested output product.

In the simplest case, the required values of setting parameters for the processing
task are set by an operator based on his knowledge and experience. Today, the values
are taken from a technology table which is defined empirically from a large number of
tests. These values define an operating point which generally offers adequate stability
reserves against undetected and uncompensated disturbances. The actuators of the
manufacturing system actualise the values of the setting parameters, while sensors
check the work of the actuators and the result. In the event of a deviation between
the predefined value of a setting parameter and the actual value, the control deviation
is minimised using fixed classic controllers. This functionality can be described as a
sensor-actuator (SA) system.

If all disturbances remain within the limits which also underlie the technology
tables, the likelihood of achieving the product quality is high. In those cases where
the scale of a disturbance exceeds the predefined limit, or if the input product does
not meet the required characteristics, then it is likely that product quality will not be
achieved. This needs to be precluded for mass production, and in the manufacturing
of small batches or manufacturing of individual pieces it can lead to significant
economic loss and delivery delays.

Figure 6.52 shows the principle of Model-Based Self-Optimisation for manufac-
turing processes. From suitable sensor signals, a meta model is used to establish the
current operating point which is being compared to the operating point that would ap-
ply to optimally achieve the defined external objectives. From this, the optimisation
potential is determined. This optimisation potential is used by the model-based opti-
misation system (MO-system) to autonomously generate a solution in the form of new
internal objectives. The SA system is extended to include the ability to handle these in-
ternal objectives so that it becomes an information-processing sensor-actuator system
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Flowchart — Model-Based Self-Optimisation for Manufacturing Processes
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Fig. 6.52 Schematic presentation of the sequence of Model-Based Self-Optimisation for manufac-
turing processes

(ISA system). As well as translating the internal objectives into setting parameters,
it also controls them and can be reconfigured in real-time during the process.

External Objectives of Manufacturing Systems The fitness for purpose of a prod-
uct is achieved by matching the predefined characteristics for product quality (PQ). In
most cases there are several quality characteristics to be taken into account. For exam-
ple the product must meet predefined dimensions, have a certain level of roughness
on its surfaces, or must meet requirements relating to rigidity and structure. This also
applies to buisness requirements such as machining time and manufacturing costs. If
resource efficiency is handled separately, then this parameter must also be included
in the optimisation.

Process Variables Product quality generally correlates with a number of process
variables. Model-based self-optimisation requires sufficient data, both in quality and
distribution, about these variables, in order to be able to describe the conditions at the
operating point with sufficient precision. Often suitable sensors are not available, or
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there is no access to the source of information. In many cases it is therefore necessary
to develop new sensors, or to adapt existing systems to the current task.

An important process variable in the weaving process is the warp tension, whose
temporal behaviour has a significant influence on product quality. To measure the
warp tension with a high temporal resolution a new sensor has been developed which
does not add any measurable friction to the process.

When finish milling thin-walled components the product quality is mainly de-
fined by the surface quality and dimensional accuracy. In order to keep both targets
in predescribed tolerances, the values of the significant process variables must also
be kept within predefined limits. Here, the main variables are the behaviour of
the component during processing, the tool used, the machine behaviour and the
process with the significant setting parameters cutting speed and feed rate. Latter
can be read directly from the machine control. This information is not sufficient
for Model-Based Self-Optimisation, why further sensors have to measure addi-
tional process variables which are being integrated into the manufacturing system to
enable self-optimisation. In the present example, further process variables which are
relevant for quality are the vibration of the component and of the tool. It has been
shown that neither force sensors, whose eigen frequency is too low, nor acoustic
emission sensors, whose frequency range lies outside the observed frequency range,
are applicable. Besides this criterion, other requirements need to be met by the sen-
sor system, such as, for example, a sufficiently high signal-to-noise ratio, robustness
against influence of coolant and material removal, as well as being independent of
the mounting position. As tactile and optical sensors do not meet these boundary
conditions, a multi-sensor system was developed. Two acceleration sensors were at-
tached to the machining table and spindle housing, as well as an eddy current sensor
facing the tool. The multi-sensor system delivers consistent information about the
vibration behaviour of thin-walled components during finish milling. By using signal
processing algorithms the measurement signals are converted into values for quality
related process variables.

A further example is the selection of sensors for laser beam cutting. Most of the
quality related process variables exist in the interaction zone of the laser beam and
the material. Due to the high temperature of the molten material and the small width
of the cut, of just a few hundred micrometres, it is difficult to acquire measurands
to provide information about the roughness of the material at the solidified cutting
surface. The process model however allows to derive the correlation between process
measurands and process variables. Using the modeled relationship between the width
of the cut and the focal position, the technical system determines the values of the
inaccessible but quality relevant parameter, focal position, by measuring the width
of the cut. In laser beam cutting an imaging sensor system observes the processing
zone coaxially through the laser optics of the cutting head to acquire information
from the interaction zone which has a causal relationship to product quality. The
signal processing analyses the acquired sensor information and passes the data on
for self-optimisation.
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Determining the Operating Point: The operating point of a manufacturing pro-
cess is given by the current values of the process variables. If measurands cannot
be determined directly, then the dependencies of process variables on measurable
variables must be known and described by models. In process models the functional
relationships between setting parameters, process variables and process measurands
are defined. Meta-models describe these relationships in a reduced mathematical
form, and thus allow the determination of the current operating point during the
manufacturing process.

In welding, the model to depict process variables and setting parameters with
respect to product quality, for example the weld geometry, is also built up on funda-
mental physical relationships. The values of the dynamic process variables voltage,
current and gap-width are determined by sensors. Other setting parameters, such as
shielding gas quantity, which influences the shape and boundaries of the working
areas, are predefined by the manufacturing task. The necessary calculations to de-
termine the operating point are carried out numerically in real-time. This enables
defining and tracking the operating point during the process. The process domain
shown in Fig. 6.53 defines the parameter limits where the process has the same phys-
ical properties. Within this area the operating domain represents all values which are
capable of delivering the pre-defined product quality.

Model-Based Optimisation The optimisation of the manufacturing process takes
place in a number of steps. These include the determination of the process status at the
current operating point, and the model-based assessment in relation to the external
objectives. The externally defined objectives such as, for example, machining time,
manufacturing costs, resource efficiency or surface roughness, dimensions, weight
must be correlated to significant process variables in order to be transformed to
internal objectives. Achieving the internal objectives is done by adjusting the setting
parameters.

The models of the manufacturing processes enable prediction of the product qual-
ity characteristics from the setting parameters. The predictive use of the models

Operating Domain

Root Height [mm]

Fig. 6.53 Process domain of
a gas metal arc welding oY
process
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supplies an unambiguous solution. If the models were bijective, then the inversion
could be carried out using a mathematical operation. Because of the complexity of
the processes, and the dimensionality of the parameter ranges, process models are
in fact mostly not bijective. To determine the values for the setting parameters for a
given product quality using a non-bijective model, an inverse solver is needed, which
usually uses iterative methods.

A suitable solution generally includes meeting various objectives. Usually indi-
vidual features of product quality, such as surface roughness, geometrical properties
and process efficiency are competing with each other (Pareto optimisation). In ad-
dition, boundary conditions such as machine performance limits or process limits
must be taken into account. For manufacturing processes, the dependencies between
process variables which are part of the optimisation task and the process outcome
are strongly non-linear. These types of problems are described as multi-criteria op-
timisation with boundary conditions. One approach for solving problems like these
is transformation to a scalar optimisation function, with weightings for each of the
targets and optionally the formulation of boundary conditions. The optimisation task
that results from this can be solved with non-linear programming methods, such as
gradient methods or Newton’s method. Depending on the precision required, solu-
tions can be created which are suitable for use in self-optimisation with regard to
their calculation time.

In the context of Model-Based Self-Optimisation for manufacturing systems, there
are two central goals. The first comprises achieving product quality by applying
suitable operating points. If all operating points which deliver a required product
quality are collected into the operating domain, then the minimum such domain is
the optimum operating point.

The second target comprises the stability of the operating point. Meta-models are
able to carry out a continuous calculation of target values within the parameter space.
This enables optimisation solutions relating to stability to be assessed, by taking into
account information about gradients and discontinuities.

Even if all operating points within the operating domain achieve the defined
quality, some operating points will lie closer to instabilities than others. To evaluate
robustness against disturbances, the area surrounding the operating point is also
tested for instabilities. With this information, adjustments of the setting parameter
values can be achieved so that the stability zone is increased.

Reaching an optimised operating point may require significant adjustments of
setting parameters, which in turn can impact the stability of the process. In addition,
because of the dynamic response of the process the adjustment can often not be
made within one step of the control cycle, which makes it necessary to calculate
intermediate steps. All the points on the trajectory, which are defined with the help
of the meta-model, must work in a way that guarantees continuous quality and a
sufficiently large operating domain to ensure robustness against disturbances.

The following condition could be interpreted as a safety risk or stability problem:
If the system finds a operating point which meets the external objectives, but is in a
operating domain which is not connected to the current operating domain, then no
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trajectory can be calculated for the transition. Therefore, this case must be handled
separately, depending on the process and the application. But it is still possible that
depending on the size of the new operating domain and the dynamic answer to the
changes in values of the setting parameters, that this operating point is indeed the bet-
ter choice for achieving the external objectives. The consideration of such decisions
can be handled by adding additional terms into the target function for optimisation,
or it can be solved with special decision algorithms. The result of optimisation is a
new set of values for the internal objectives combined with sensitivities and validity
areas.

Information-Processing Sensor-Actuator Systems Model-based optimisation,
which is represented in the upper dashed box in Fig. 6.54 (MO-system), gener-
ates internal objectives and control parameters, which are used by the manufacturing
system to achieve the external objectives. This information package is passed on to
the system, which contains an information processing unit, a sensor and an actu-
ator (and ISA system). The information-processing unit contains a static part with
electronic interfaces to the sensor and the actuator as well as a variable part with
programmable logic to reconfigure the control behaviour.

In a simple case, the information package handed over consists of a control value
as an internal objective and the description of a simple proportional control ele-
ment as a control strategy. If the relationships between the setting parameters and
the process variables are non-linear, and if there are dynamic reactions to be taken
into account, then the generation of the internal objectives and their control strat-
egy becomes more complex. In addition, the information processing unit must even
be able to be reconfigured at run-time if the internal objectives each depend on
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the current operating point. On this point, the model-based approach offers pre-
cisely the possibility of generating dedicated meta-models which can be evaluated
in the information processing unit in real time. This split between generating inter-
nal objectives and controlling the actuators introduces an abstraction layer between
optimisation and control, which also enables decoupling the individual problems
timewise.

The demands on the information processing unit increase with the complexity of
the modelled relationships between process measurands and values for the setting
parameters. For example, in weaving, the density of the fabric is an internal objective.
Optimised values for the internal objective are transferred to the subordinate system
and there translated into warp let-off and fabric take-off.

In welding, the external objective of the energy per unit length can be controlled
via a system which consists of three ISA systems, combined as shown in Fig. 6.54.
To meet the metallurgical demands of the product, the energy introduced into the
product has to meet certain values over time and distance. Conversion of the external
objective to internal objectives takes the form of electrical current and voltage values
as the welding robot moves along its defined path. In this case, the values for welding
current and voltage are managed by a superordinate information processing unit as an
ISA system which controls the resulting arc power. This system receives instructions
and constrains for the energy per unit length, as well as information about the pulse
characteristics, like peak current or peak time, as well as pulse frequency. The ISA
system for the arc power is parameterised by the characteristics of the welding power
source, the welding current and voltage are measured continuously, while the ISA
system for the robot controls the movement.

For high performance laser beam cutting, maintaining a given focal position is
important, as this value has a significant impact on the quality of the cut. The control
of the focal position is a very complex task as its position varies with the power of
the beam and the diameter of the raw beam. In addition, the behaviour changes over
time because of the optical system warming up. While processing, the focal position
cannot be measured directly, but it has a strong correlation to the width of the cut.
Therefore, a meta-model provides the width of the cut as an internal objective which
needs to be met, in order to achieve the external objective. As this relationship is
neither linear nor unambiguous, the information for the ISA system has to be extended
to include control parameters and sensitivities before it can be transmitted. Using
this information, the ISA system can pursue the internal objective. The coaxially
mounted, imaging sensor observes the processing zone and determines the width
of the cut using algorithms for image processing and signal analysis. This process
measurand is used by the information-processing unit to activate the focussing unit
in closed loop control. The transmission of the internal objective, the width of the
cut, together with the control parameters such as dynamics and sensitivity, allow the
ISA system to complete the task on a very short time-scale.

The generation of optimum values for the setting parameters in the injection
moulding process, aims to achieve consistent geometric properties and weight of
the moulded parts. The correlation between pressure, temperature and the specific
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volume of the plastic melt is used to calculate the optimum course of the pressure in
the cavity, using the help of a model predictive controller. On the basis of a process
model, which describes the process behaviour of the manufacturing system, the
control input (control voltage in the servo-inverter or proportional vent) is compared
to the controlled variables. The model predictive controller uses this model to predict
the course of the pressure in the cavity, given the prescribed course for the control
signal (cavity pressure course). The control signal is adjusted using an optimisation
function, which is based on this model prediction. The injection moulding machine,
the type of plastic granules, and the geometry of the cavity together define the
system to be controlled. If one of these components changes then the process model
is adapted accordingly to the new configuration.

The design of the ISA systems establishes an abstraction layer between optimi-
sation and control, which decouples both areas in terms of time and content. The
information-processing sensor-actuator systems (ISA systems) are able to track their
internal objectives at a high control frequency while the model-based optimisation
system (MO-system) monitors the existence of optimisation potential. Subsequently,
new internal objectives are generated and applied to the manufacturing system using
parameterisation or reconfiguration of the ISA systems.

6.4.4.2 Meta-modelling

Modelling Manufacturing Processes Manufacturing systems use a technical pro-
cess to process materials, for example by joining, cutting or forming. If a physical
process model exists for a manufacturing process, then the values for the setting
parameters can be used to predict product quality. If such a model is also available in
machine-readable form, then it can be used as the basis for self-optimisation. Models
of this kind, often described as white box models, cannot be evaluated automatically
and sufficiently fast in most cases. This means that, although they can be used to
generate initial values for setting parameters, they cannot be used for process control.

An alternative approach is the use of meta-models, which in this context are seen
as a reduced mathematical representation of the functional relationships between
multiple input parameters and output parameters. These models are based on process
knowledge which is gained from either experimental or simulated data and which
describes the process in sufficient detail. Applying meta-models to the solution of a
dedicated task allows the reduction of the complete system analysis to a lean numeric
solution that can be automatically evaluated which enables control and adjustment of
the manufacturing process. Possible implementations of meta-models are grey box
models, where for example, the basic functions or the model structure are defined
in advance, based on process knowledge. Black box models do not contain any
process-specific information and only use data-based adjustment or training to adapt
themselves to the behaviour of the process (Stork et al. 2007; Buhmann 2003).

The use of meta-models can refine or even generate process knowledge. Through
the closed-form representation of the data, a direct comparison between experiment
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and theory is enabled, which allows examination of the sensitivity of setting param-
eters (Schiittler et al. 2009). A general disadvantage of approximation methods is
their poor ability to describe discontinuities within a process domain. Hence, sud-
den changes in the behaviour of a process, as occur at the edge of process domains,
usually have to be considered separately.

The creation of meta-models for manufacturing processes comprises several tasks
that determine the quality of the model. Significant factors comprise the selection
of the model structure, adjusting the model parameters to the data set and handling
of discontinuities. Solutions of this task are supported by a process-independent
methodology, which was developed as part of this study on model generation.

Methodology for the Development of Metamodels The methodology for creating
models was developed as part of the project and evaluated against five different
manufacturing processes. It includes, alongside the general approach, the necessary
resources and tools as well as steps for optimising the models.

In Fig. 6.55 the column headed “B” describes the systematic process for creating
a model. The first steps (BI) Definition of process and model requirements, (B2)
Selection of parameters, (B3) Determination of the process domain and (B4) Se-
lection of data source define the requirements and limits of the model. The second
group of activities (BS) Planning and setup of experiments and (B6) Generation of
data prepare the data for the calculations in the model. The last activities are for
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the development of the model itself. Therefore, in (B7) Selection of model class
and structure a suitable model type is selected, the model is created based on the
acquired data in (B8) Implementation of model and finally the models are evaluated
in (B9) Evaluation of model quality. The necessary supporting resources and tools
are indicated with “A” and are assigned to the appropriate processes of creating the
model. Since many different factors influence the overall model creation process, the
required model quality is not always achieved after the first iteration of the model
creation process. For this reason the method offers measures to optimise the model
quality, which are shown with a “C” in Fig. 6.55.

Definition of Process and Model Requirements The generation of meta-models
starts with the analysis of the process to be modelled. Input, output and influencing
variables which affect product quality need to be identified and defined. In addition,
on the basis of prior knowledge about the process, decisions are made, for example
whether to use a dynamic or a static model, linear or non-linear correlations. The
necessary requirements on the model, such as the maximum permitted computation
time, the necessary model quality, or the differentiability of model functions must
be taken into account. Adequate definition of the boundary conditions has a signif-
icant impact on achieving the required model quality, and minimises the number of
necessary iterative steps right from the start.

Selection of Parameters The manufacturing process and the resulting product qual-
ity are influenced by multiple parameters, such as properties of the materials, machine
settings and the prevailing environmental conditions. Existing process knowledge can
be used to identify important parameters, or these can be identified by preliminary
tests. Significances and correlations can be further detailed by experiments using
design of experiments.

Determination of Process Domain After the selection of the parameters to be taken
into account in the model their ranges of values are defined. This covers the process
domain, the range of setting parameters and product quality in which the process
has the same physical properties. A subrange of the process domain is the operating
domain. This comprises all operating points at which the required product quality
will be achieved, and does not necessarily have to be one continuous area. The
self-optimisation of the manufacturing process therefore occurs within the overall
process domain, taking into account the stability at the edges of the various operating
domains.

Selection of Data Source Once the relevant parameters and their value ranges have
been defined the data for the generation of the meta-model need to be acquired. In re-
lation to the required model quality and the sensitivity of the setting parameters with
respect to product quality, it is important to minimise noise, deviation and uncertain-
ties in the input data and either adjust for or exclude the impact of disturbances. The
selection and application of sensors, together with the conduction of experiments,
have a significant influence on the quality of the model (Witt 2007). Particular atten-
tion must be paid here to the signal-to-noise ratio and the choice of a suitable time
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resolution for the acquisition of measured values and their average. In all cases, it
must be taken into account that the sensors themselves have no significant influence
on the process. For example, contactless distance sensors are suitable for measuring
vibrations (Wibbeler 2002). The same considerations apply for data which is gener-
ated with the help of numeric simulations. Here, sensitivity and precision can usually
be determined or estimated in advance.

Planning and Setup of Experiment If surrogate models are based on interpolation,
then their quality depends substantially on the density and the distribution of the data.
For weakly non-linear parameter correlations a suitable balance can be found between
data density and model quality by having well distributed data points. This can be
achieved using design of experiments. But in many areas, the modelling of highly
dynamic and strongly non-linear manufacturing processes requires an individual
distribution of data points within the parameter space in order to get reliable model
predictions. A method which is often used to generate equal distributions is the Latin
Hypercube Sampling (LHS) (Steinberg and Lin 2006). For an LHS-distribution first
of all, the number of levels per parameter and the parameter range are defined and
then, the parameter space is divided up using a hyper-grid into the corresponding
levels. Then, test points are inserted so that exactly one point per row exists within
each dimension. A more equal distribution in the upper dimensional space is provided
by the Centroidal Voronoi Tessellation Method (CVT) (Romero et al. 2006). For this
method, the parameter space is divided up around the randomly distributed initial
data points into regions, such that each region contains exactly one data point. In
addition, the distance between each data point and the centroid within a region is
shorter than the distance to the centroid of any other region. A subsequent alignment
of the data points provides that each of them is exactly the centroid of their region.
The Latinised Centroidal Voronoi Tessellation Method (LCVT) is a combination of
the two methods described above and of their advantages and was used successfully
during the project to generate test points (Reisgen et al. 2010).

Generation of Data After defining the test plan, the necessary data for producing
the meta-model is generated. Right from the beginning, the automated acquisition
of measured data has to be a goal to minimise the manual experimental effort. The
same applies for data that is generated using simulation. With the initial design of the
simulation, interfaces should be implemented which support later parameterisation.
In both cases, datasets are available after generation, from which the meta-model
can be built up in order to predict the process outcome in a much shorter time or
even in real-time.

Selection of Model Class and Structure Meta-models are defined by their class and
structure. White box models in the current context describe the physical relationships
of a manufacturing process using mathematical formulae, with the aim of providing
an exact description of the real processes. While the precision of this class of model
is very high, due to the use of very detailed process knowledge, the time required
for implementation is also high, and its complexity often is associated with a high
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demand for computational resources. One approach to manage this problem is the
use of reduced physical models that decrease the computational effort needed for
a sufficiently precise solution, for example by applying an asymptotic expansion
(Schulz et al. 2009). Grey box models combine process knowledge and adjustable
structures. While the structure of the model is derived from the process knowledge,
the coefficients are adjusted to the underlying data using a model fitting techniques
such as linear regression with least squares method (Draper and Smith 1998). Other
grey box implementations of this kind use symbolic regression with evolutionary
algorithms. The most flexible and most general class of model generation is the black
box model. They are adjusted to the underlying data records without predetermined
structures based on process knowledge. One of the most widely used black box
modelling tools is Artificial Neural Networks (ANNs) (Rojas 1996). ANNs consist
of networked neurons which are defined as having inputs and outputs as well as an
activating function. Several layers of such neurons can be used for the approximation
of the underlying dataset, with the neurons being trained using the data. Another
approach, which follows the paradigm of the black box model, is the use of Radial
Basis Functions (RBF) (Jurecka 2007). These models carry out an interpolation into
the underlying data records using a set of functions which are positioned at the
sampling points and are weighted, and which are also scalable by means of a shape
parameter. In areas which are highly dynamic and highly non-linear, the main risk is
an under-adjustment. For self-optimising manufacturing processes, the importance
of identifying and separately assessing the model quality in these areas is decisive.
In grey box models this can be handled explicitly.

Implementation of Model After generating the data and choosing the type of model
the meta-model is created. A series of application programmes such as SNNS (Zell
et al. 1991), Matlab, DesParO (Stork et al. 2007) or SUMO (Gorrisen et al. 2009)
offer modules to implement Radial Basis Functions, Artificial Neural Networks or a
wide variety of regression models. When using Artificial Neural Networks, the main
factor that influences the quality of the model is the number of training passes, when
using Radial Basis Functions it is the definition of weightings and shape parameters.
In many cases, there may be serious losses of model quality due to under-adjustments
and over-adjustments. In addition, depending on the choice of model parameters and
the number of underlying data points, the calculation time for creating the model can
grow exponentially. In this case it needs to be checked whether a reduction of the
model parameters or number of data records would compromise model quality.

Evaluation of Model Quality The model quality describes the usability of the
created model. A suitable method is the determination of model error using cross-
validation. In this, data records that were not used in creating the model are applied
to validate the model by comparing them to the result of a prediction by the model.
Various techniques of cross-validation are holdout, random sub-sampling, K-fold
and leave-one-out (Efron and Gong 1983).

Classic error criteria are the mean absolute error or the mean square error. Neither
of these take into account the global scaling of the model parameters, which means
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that after parameter transformation by pre-conditioning or scaling the relevant model
error criteria are no longer comparable. The criterion of the coefficient of determi-
nation R?, which defines the ratio between the mean square error and the standard
deviation of the parameter is, for its part, not affected by scaling (Efron and Gong
1983). The values of R? range from 0 for a bad model to 1 for a “perfect” model and
so enable comparison.

Models which describe the response to transitions between stationary process
states require the application of a time horizon in order to evaluate their dynamic
prediction quality. A k-step-ahead prediction (Ljung 1999; Nergaard et al. 2000)
allows looking at several discrete time steps, where each solution from the model is
used as the input to the next iteration. By comparison of the prediction to a measured
validation value, the predictive quality is obtained.

6.4.4.3 Results Model Evaluation (WZL-MQ)

The generated models for meta-modelling were tested for their model quality. The
work on model evaluation contains additional research into the selection of a suitable
evaluation criterion and the creation of software for model evaluation. For this,
the AX-Workshop software was developed, which creates meta-models from the
recorded process data, and reads in existing models in order to evaluate them.

Evaluation Criteria As first criterion to evaluate static models the criterion of the
mean square error (MSE) was investigated. Starting from real output values y; a
comparison is made using the output value calculated by the model y;. The MSE is
calculated by

1 n R
MSE = ;Z(%‘ _ y,-)z 6.2)
i=l

Over time, it appeared that the MSE-criterion only offers a relative comparison of
models from the same manufacturing process. It offers neither a process-independent
nor an absolute assessment of the model quality. Figure 6.56 shows as an example
an evaluation of the laser cutting process using the MSE-criterion. It can be deduced
that Artificial Neural Networks are best suited for the first two output parameters and
reciprocal quadratic regression terms for the third output parameter.

To be able to make absolute statements about the quality of the model the suitability
of the coefficient of determination R? was assessed. This is derived from the ratio of
the square error

n

SSerr = (yi = %)’ (6.3)

i=1

and the absolute sum of the squares

SSerr = Z (yl - y)z (64)
i=1
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Model evaluation using the squared error criterion
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Fig. 6.56 Example of model evaluation on laser cutting using MSE-criterion

as a ratio to the mean value

S|

y=

e (6.5)
i=1

R? is then defined as follows (Fig. 6.57 shows an R2-evaluation of static models):

SSerr

RP=1-""
SSiot

(6.6)
Particularly Artificial Neural Networks and the Radial Basis Functions generated by
DesParO achieved overall a good quality of model (Buhmann 2003). The question as
to which minimum R? value is necessary in order to obtain satisfactory rigging, mon-
itoring and control of manufacturing processes within the area of self-optimisation
still remains open, however.

Investigation of Distribution and Pre-conditioning of Setting Parameters An
important criterion that determines the quality is the number of data points used to
create a stable and precise meta-model. Response Surface Designs (Circumscribed,
Inscribed, Faced) distributed in the parameter space were applied to the selection of
data from the manufacturing process for meta-modelling. By the gradual reduction
of the number of data points for the creation of the models and for their evaluation,
the model quality was analysed for its dependency on the density of data and the data
distribution. Using the circumscribed and inscribed distribution a model containing
593 data points could be reduced to just 25 data points, with only a minor loss of
model quality (Fig. 6.58).

It was also examined how far pre-conditioning or normalising the data used con-
tributes to improved model quality. The input data was transformed such that the
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ILT formation of dross: Quadr. terms ILT formation of dross: RBF
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Fig. 6.58 Comparison of model quality of reduced test plans with full test scope

Fig. 6.59 Comparison of
models with and without
pre-treatment
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mean value U for each dimension was L =0. Using a principal component axes trans-
formation the standard deviations o were scaled to o = 1 and correlations between the
different dimensions were removed. This delivered a clear improvement in quality
of those models based on neural networks (Fig. 6.59).

Software for Creating and Evaluating Models As part of the research, a soft-
ware system for meta-modelling was developed and further enhanced (Fig. 6.60). It
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Fig. 6.60 Software for creation, visualisation and evaluation of meta-models. a User display.
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allows the efficient creation, visualisation and evaluation of different model struc-
tures. Radial Basis Functions, Neural Networks, regression functions, splines and
other models are available as model structures. Alongside the visualisation, the mod-
els can be compared with the underlying data records, and can be evaluated using
the implemented validation criteria (R?, MSE).

A 20-fold cross-validation (Efron and Gong 1983) can be used as a good approxi-
mation for the global error using the coefficient of determination R?. For conclusions
about local errors in a meta-model, on the other hand, it is the Leave-One-Out cross-
validation which is most useful, as each data point is verified (Efron and Gong
1983).

6.4.4.4 Results Milling Process (WZL-TF)

To ensure the reliability of a component’s functionality and quality, from a manu-
facturing viewpoint the most important aspect in milling is keeping the geometrical
tolerances. Here, dimensional and geometrical accuracy, roughness and surface qual-
ity were identified as the most important criteria of finishing operations. For roughing
operations, the tool life and the removal rates are the most relevant quality measures.

For the analysis of dependencies between the setting parameter (SP), the pro-
cess variables (PV) and the product quality (PQ) the three process measurands (PM)
position, vibration and cutting force were selected. The selection of these process
measurands is justified by the fact that the vibration behaviour of the part, and the
mechanical load on the tool vary as a function of the position of cut. Based on this,
there is a need for a position-oriented analysis and evaluation of the current operating
point during the machining operation. This includes direct linking of sensor informa-
tion to the position of the tool in the work piece coordinate system. Via this position a
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Fig. 6.61 Position-oriented monitoring during 5-axis milling

linkage of process and component parameters can be realised. This enables the anal-
ysis and evaluation of the process behaviour during changing engagement situations,
as well as depending on the process disturbances and changes of material character-
istics. Based on this information, suitable strategies can be derived for the design of
a suitable control strategy. This approach can be applied to roughing and finishing
operations. Due to this analysis, the whole machining sequence of 5-axis milling is
structured more transparently and the general process understanding increases. The
result of the position-oriented monitoring in 5-axis milling was demonstrated using
a freeform geometry of an impeller and is shown in Fig. 6.61.

The appropriate use of a position-oriented monitoring system is based on the
selection of suitable sensors to record the process measures. As an example of the
finishing process, where according to Insperger the main causes of unsatisfactory
process results are process instabilities, various sensors were tested in the laboratory
for their useability (Insperger et al. 2003). Taking the position-oriented boundary
conditions into account and the resultant requirements on the sensors, it was possible
to demonstrate that the on the market available power measurement systems are not
suitable for the investigation of finish milling operations. They offer too low eigen
frequencies, so that the dominant process vibrations could not be resolved (Klocke
et al. 2008). The measurement of the vibration behaviour with displacement sensors
was done using only contactless operating sensor solutions. By doing so a direct
linkage of the sensors to the machining operation system was established without
affecting the system. Fibre optic sensors and eddy current sensors were used, both
of which allowed the capture of dominant process vibrations. Although, looking
for an industrial operable integration, both measurement systems are not suitable to
be integrated in a manufacturing unit. In further investigations acceleration sensors
were identified as suitable measurement systems for a position-oriented monitoring
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Fig. 6.62 Evaluation of finished surface based on acceleration signal

of the machining process stability. Regarding the finish milling process, the sensor
signals were used to evaluate the surface quality manufactured by analysing the
process stability. Hereby, the position-oriented analysis of the acceleration signals
indicate to what extent the geometrical tolerance and surface quality meet the quality
requirements, Fig. 6.62. In future work, the developed monitoring system will be
used for rough milling operations, to enable the detection and control of instabilities
in this area of the milling process too.

For the application of a model-based process control, solutions were developed
for efficient model creation, to be able to provide the changing transfer behaviour in
a machine-readable knowledge (Klocke et al. 2009). As the number of influencing
factors during milling operations and therefore the time required to generate the data
for a model creation, is very large, there was a need to develop a system which can
be flexible configured. Furthermore, this system should allow an automatic evalua-
tion of machining tests. In addition, the reproducibility of the test performance and
data evaluation must be ensured, as this is the only way to generate reliable models.
Knowing this, a system was designed and built which carries out automated machin-
ing tests, processes and analyses the signals received from the process-integrated
measurement system (Klocke et al. 2010). Based on the analysis of the sensor sig-
nals, process-specific characteristics can be identified which correlate to the current
engagement situation at any time, and are stored in a suitable database. Using this
data, further work was done to develop process models to describe the transfer re-
sponse behaviour in rough milling and finish milling operations and to integrate these
into suitable process control concepts.

The basic models for a process behaviour description and those, which are
to be developed for an application of process control, are a first step towards
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self-optimisation. A self-optimising 5-axis milling manufacturing system should
be enabled by the use of these models in order to change its setting parameters au-
tonomously and to meet the requested product quality demands at each position of
operation.

6.4.4.5 Results Plastics Injection Moulding Process (IKV)

In injection moulding the assurance of a constant and high product quality requires a
stable process control at an ideal operating point. The aim of such a process operation
underlies the demand for a process which runs identically in each production cycle.
The process is represented by different process variables, in particular pressure and
the temperature of the melt in the cavity.

The effects of pressure and temperature on the specific volume (pvT-behaviour) of
the material is used here as the basis for calculations to define the operating point and
optimum process progress (Fig. 6.63). One requirement for the optimum operating
point is a constant specific volume during cooling in the holding pressure phase.
After measuring the temperature inside the cavity, it is possible to determine the set
point for the control of the cavity pressure on the basis of the pvT-optimisation using
the quality model. As actuating variable for process control a voltage is used, which
enables the control of the servo inverter and hydraulic valve and thus the movement
of the srew during the injection and holding pressure phase.

Typical disturbances in injection moulding are, for example, temperature varia-
tions of the melt and the tool, as well as fluctuations in the viscosity of the plastics
material. Varying temperatures can occur during the manufacturing process, on the
one hand during start-up or after breaks in production, when the stable thermal state
has not yet been reached. On the other hand, there can also be control fluctuations
or disturbances in the heating system which can lead to temperature variations. Vis-
cosity fluctuations, which influence the pressure transfer to the tool cavity, typically
occur due to variations in the batch of plastic or to the widespread use of recycled
materials.
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Table 6.5 Model prediction Linear Non-linear
error and control error (Root (Regression)/bar (ANN)/bar
Mean Square Error (bar) of —
linear and non-linear model Mf’del prjcdlCt.IOI’l error
structures with and without Without time input 5.2 32
time information With time input 5.1 2.7
Adjustment error
Without time input 2.3 1.6
With time input 2.3 1.3

These disturbances should be compensated by a model predictive control as an
ISA system, which has a cycle time of 8 ms using a dynamic process model. Here, the
process model contains the correlation between the control voltage, which actuates
the servo inverter or the proportional valve, and the cavity pressure as the control
variable. Using identification tests, measured values are recorded which represent
the non-linear and time-variable relationship between actuating and control variable.
After calculating the time delay, which can be attributed to transporting the plastic
melt when increasing and reducing the pressure, to the compressibility of the melt
as well as to the inertia of the screw, the process models are created (Normeey-Rico
and Camacho 2007). As the control path behaviour depends on the cavity used, the
injection moulding machine and the material used, and thus often varies, the process
modeling is automated as far as possible. This enables a simple identification of
the control path behaviour. Using black box modelling, both linear and non-linear
dynamic process models are created based on the measured data and evaluated by
using k-step ahead prediction (Table 6.5). ANNs are used for non-linear modeling.
These increase the quality of the model prediction. The quality of the model can be
further improved by including the time as an input variable for the dynamic model.
The prediction error of the process model then correlates with the control deviation
of'the tool cavity pressure control. In addition, the improvement in the model reduces
the control effort, which helps to extend the machine’s life.

A challenge when implementing the ISA-system is guaranteeing adherence to the
control cycle of 8 ms on a micro-computer (Intel Core 2 Duo processor, 3 GHz
with 3.25 GB RAM and Microsoft Windows XP operating system). The imple-
mentation of the ISA-system on a real-time system (NI 8353 RT from National
Instruments Corporation, Austin, USA, running with an Intel Core 2 Quad Pro-
cessor, 2.4 GHz with 2 GB RAM) with multi-processors even allowed reducing the
control cycle to 4 ms. Future work will also include linking the real-time system to the
MO-system.

Alongside the creation of the process model, a quality model is used to determine
the internal objectives. The determination of the pvT-behaviour is being done today
in laboratory devices. There are, however, limitations on how well the data derived in
the laboratory could be transferred to an industrial injection moulding process. De-
termining the pvT-behaviour directly in the mould means that, although physically
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Fig. 6.64 Reaction of the self-optimising system to disturbances

correct pvT-diagrams cannot be obtained, instead characteristic diagrams of materi-
als which are optimally aligned to the individual conditions can be gained (Michaeli
and Schreiber 2010). The described process uses grey box modelling which is used
to create the quality model. After capturing the temperature a reference course of
the cavity pressure creates the internal objective which is implemented by an ISA-
system. This cavity pressure set point is adapted by the quality model to the present
temperature in the cavity. Within this project various options to acquire the tem-
perature were researched. On the one hand, the melt temperature in the cavity was
deduced indirectly using a mathematical approximation, and taking into account the
temperature of the tool wall and the melt temperature at the tip of the nozzle. On
the other hand, the melt temperature within the cavity can also be measured directly
using an infrared temperature sensor. The expensive implementation of direct mea-
surement competes with the inaccuracy of the mathematical approximation in the
selection of method.

Model-Based Self-Optimisation should guarantee consistent, high product qual-
ity, even with disturbances in the process. Exemplarily introduced disturbances show
the response of the Model-Based Self-Optimisation system. Figure 6.64 shows the
response of the self-optimising system compared to conventional machine controls
when both front heating zones in the plasticising unit are switched off. By measuring
the quality values, such as the moulding weight or the actual moulding dimensions,
it can be shown that the self-optimising system compensates the thermal fluctua-
tions; the changes in temperature only have a negligible effect, and thus the quality
consistency is increased. The active adjustment of the holding pressure course to
the changed thermal conditions in the process therefore ensures a clearly improved
consistency of quality of the moulded components. Thus, the system developed pro-
vides the basis for a complex self-optimising system that can work across cycles to
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intervene in the thermal balance of the injection moulding process. Additionally, the
system ensures the compensation of thermodynamic fluctuations during process set-
up and thus minimises set-up time. To prove its applicability in practice, the system
was tested on the complex geometry of sports goggles, which are manufactured in a
hybrid, multi-component injection moulding process.

6.4.4.6 Results Welding Process (ISF)

For monitoring and self-optimising on-line control of GMAW processes, it is ab-
solutely necessary due to the dynamic of the process, that not only the unchanging
initialisation values such as the base material, filler material, wire diameter, shield-
ing gas, seam preparation, torch orientation etc. are taken into account, but also
dynamic, sensor-based values. This is necessary since geometric changes on the
component can occur due to the thermal influence of the welding process itself. Var-
ious sensors are used to gather this information from the current welding process.
Electrical sensors measure the transient electrical current and voltage of the welding
process. Using an optical sensor system the work piece geometry in the seam area
is captured, allowing the determination of the width of the gap and contact tube
distance.

In addition, a module of the simulation programme SimWeld was developed to
calculate welded joint geometry as a stand-alone geometry solver, and optimised
to be used during on-line operation. Using the initialisation values and the sensor-
based data, the geometry solver calculates, on a continuous basis and dynamically,
the current weld joint geometry, which is defined as the relevant product quality
variable (Fig. 6.65). So even during the creation of the seam, it is already possible
to react to any deviations from the prescribed seam geometry (seam height, seam
width, root height, root width and weld depth). This information is used to monitor
the weld seam geometry as well as to control the GMAW process, and therefore to
guarantee the required product quality by selection of optimised setting parameters.
This comprehensive provision of process and product information is a technological
innovation for the welding process. It allows making the planning and control of a
production line more transparent, and therefore more flexibly configurable.

When creating the models for self-optimisation the welding simulation pro-
gramme SimWeld was a key tool. In cooperation with a research project on the
production and processing of materials, SimWeld is used to simulate submerged
arc welding processes as a component of the virtual process chain. The models
used in this context are based on the developments needed for the simulation of
GMAW processes. This makes it possible to amend the programme used for self-
optimisation in such a way that it could be used to generate data and carry out
on-line process simulation. The validation of models using real welding tests al-
lowed further detail regarding the process behaviour to be added to the models used in
SimWeld.

Generally, the SimWeld simulation system is a time-efficient way of providing
process data to create models. This allows a considerable reduction of time and
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Fig. 6.65 On-line monitoring of weld seam geometry

technical efforts. Models to describe the behaviour of the overall process, and of
each of the process domains for the different application areas, were created as the
basis for implementing a method for Model-Based Self-Optimisation in the event
of variations in the boundary conditions. Figure 6.66 documents exemplarily the
welding process model created for two dependencies in the impulse welding process.
In the left-hand part of Fig. 6.66 the height of the seam is displayed as a function of
the wire feed speed and of the gap width for a square butt weld. The right-hand side
shows the relationship between the gap width and the welding speed for a square
butt weld.

With the help of the model relating to the overall process behaviour, it was possible
to visualise in iso-lines the relationships between the setting parameters which led
to an optimisation of the set-up procedure.

Weld Height [mm]

g __f_,_,rg""fs - 100
5 S~ — 1 \W____..--*‘i'(;"' 60
Wire Feed Speed 0 0 Gap Width [mm] Gap Width [mm] 0 2o Welding Speed
[m/min] [em/min]

Fig. 6.66 Global surrogate model for impulse welding process
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Fig. 6.67 Model-based description of root height

Figure 6.67 shows, for example, a model for the root height (left) and the derived
relationship between the gap width and the welding speed with a constant seam
height of 0.8 mm (on right). The other four setting parameters are kept constant. By
analysing the iso-lines it was possible to derive the maximum possible weld speed at
which a pre-defined product quality could be achieved. This functional relationship
previously had to be determined by the operator applying his technical knowledge
in time-consuming test welds. With the help of the model, this can now be done in
the shortest possible time. This enables current on-line adaptation strategies, under
which normally only the welding speed is adjusted during the welding process as
a function of the measured gap width, a considerable reduction in both time and
technical input.

A transfer of this approach to all six setting parameters is, however, not feasible, as
the process models created do not show any strict monotonicity, so there is no func-
tional relationship. Therefore, procedures had to be evaluated which enable inverse
use of these models. In this context, various optimisers (stochastic and deterministic)
were tested on the existing process models with regard to time efficiency and deviation
from the optimum. For the set-up process this procedure did lead to an initial optimisa-
tion and selection of setting parameters. Future work will aim to qualify optimisation
methods for on-line generation of setting parameters during the welding process.

6.4.4.7 Results Laser Cutting Process (ILT/LLT/NLD)

As with the other manufacturing processes studied, for laser beam cutting the key
to self-optimisation is a model-based prediction of the processing result in rela-
tion to externally defined objectives. For laser beam cutting a large number of
setting parameters need to be taken into account, which show strongly non-linear
interactions.
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If a meta-model supplies the relationships between setting parameters and pro-
cessing results in order to control the process, then the cognitive component of a
self-optimising manufacturing system can use the modelled process knowledge to
determine the current operating point based on the acquired process measurands. In
either case, the generation of a suitable meta-model can only succeed, if the parame-
ter space is defined with high resolution. This requires large amounts of data, which
can only be created at reasonable effort by using simulations.

Model Creation A particular challenge in the case of laser beam cutting consists
in the fact that the actual “tool”, the interaction zone between the laser beam and the
work piece, changes depending on the process variables resulting from the process
dynamics. For example, the absorption profile on the surface of the emerging melt
creates a so-called free boundary, whose shape cannot be known in advance, but
which is part of the equations describing the process. These free-boundary-value-
problems can only be solved very poorly using conventional simulation tools or
commercial FEM solvers. What is more, the relevant time-scales and length-scales
cover multiple orders of magnitude, which very quickly makes the computational
cost become uneconomic, if a conventional numeric procedure is used.

For this reason, the focus was set to the development of a numerically efficient
process model, which is capable of describing the cut quality—and in particular the
formation of striations on the cut surface—as a function of the process parameters.
To do this, the cutting process was described using a reduced model where, by
separation of the time-scales and length-scales involved in the process, a hierarchy
of subordinated sub-processes is first created (for example, heat conduction, fluid
dynamics of the melt and absorption of the laser beam) and this is then further
simplified by reduction of dimensions (Schulz et al. 2009, 2010).

This procedure was then expanded to describe the non-linear dynamics of laser
beam cutting at high-resolution in both space and time, such that the creation of
striations, resulting from melting and recrystallisation, on the cut surface can be
calculated. For this, the dynamics of cutting were reduced to two fundamental dif-
ferential equations for the position of the melt surface M(z, ¢) and the melt film
thickness 4(z, t), which can be solved with minor computational cost (compare
Fig. 6.68a):
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for z, t > 0, where v, = v,(z, t) describes the dimensionless speed of the phase
boundary for melting. The dimensionless energy flow density of the laser beam at the
area of absorption Q4 = Qa(z, t) is described by the Fresnel absorption A = A(l)
as a function of its polarisation and the cosine of the angle of incidence | = u(z, ).
The spatial distribution of the laser beam is indicated as f; the scaling value for
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Fig. 6.68 Schematic 2D representation of the laser cutting process (a) and numeric simulation of
the reduced model (b)

maximum intensity y, the melt enthalpy h,, and the Peclet number Pe are explained
in more detail in (Schulz et al. 1997).

The smallness parameter ¢ = dpq < 1 is the ratio of the typical melt film
thickness d,, to the sheet thickness d. A detailed description of the reduced model
can be found in (Vossen and Schiittler 2010). In the course of the studies it was
demonstrated that the recrystallisation striations relevant for cut quality arise as the
result of a self-organised melt dynamics.

Using the “QuCut” software which was developed (Vossen and Schiittler 2010),
it is possible to calculate the virtual cut surface and quality criteria values for any
parameter set, with strong correlation to the experimental results. Using the reduced
model the calculation resources required for this could be reduced to the point where
large-scale parameter variations are possible with high resolution.

These data form the basis for the meta-model, as they provide the sensitivities to
parameter dependencies necessary for self-optimisation. The ability to calculate the
relevant criteria values for the quality of a cut edge during laser beam cutting at this
level of efficiency, with the help of simulations, has never been achieved before and
is a significant result from the work carried out in this sub-project.

For one of the quality criteria, the virtually derived depth of roughness of the cut
face R, an extract from the parameter space in Fig. 6.69 is shown as an example.
Here, it becomes clear how the cut quality depends on the input parameters, and that
significant local and global minima exist. The data produced through simulations are
suitable for determining local and global optimum values, with the help of iterative
optimisation algorithms, and for providing the corresponding internal objectives,
whereas normally, in practice, both more parameters and also more elements (in-
dicators) of PQ need to be taken into account than are shown in the example. For
example, a global optimum value in relation to a single criterion may not be achieved,
since infringement of another criterion or limits in the available ranges of individual
setting parameters prohibit it.

Cognition The determination of the operating point of a manufacturing sys-
tem for laser beam cutting is a significant step along the road to implementing
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Fig. 6.69 Calculated quality
indicators (depth of
roughness R,) as a function of
two selected parameters

(here: laser power Py, and
focal position z;)

self-optimisation. It is the pre-requisite for deriving decisions that can influence
system behaviour. The focal position during laser cutting has a major influence on
product quality but, particularly in systems which use CO, beam source, can only be
measured with great effort. Special instruments to measure the beam enable deter-
mination of the energy distribution by using a scanning procedure, also in the focal
position at energy densities of more than 5 MW/cm?. But these measurements can
only be made stationary within the machine, and generating measurement data dur-
ing the process is not possible using this approach. Alternatively, the focal position
can be determined experimentally using a so-called comb-cut. A cut is made in a thin
sheet of metal at various focal positions, is taken out of the machine and measured
with a feeler gauge. By determining the smallest width of all cutting kerfs the focal
position can be determined. This value will be wrong if the optical components of
the machine heat up differently in operation mode, or if the measuring equipment or
manual evaluation were incorrect (Fig. 6.70).

If the manufacturing system is to become self-optimising, then it has to recognise
the focal position itself and adjust it to the externally defined objectives and the
requirements of the processing task, without external intervention. To achieve this,
a cognitive unit is needed, which consists of a sensor to measure the width of the
cut, a meta-model to translate the cutting kerf width into the focal position, and a
controller to manage the focal position.

To determine the width of the cut when laser beam cutting, the heat conduction
equation is discretised in one-dimensional space. This is done using two dotted stripes
(see Fig. 6.71), in which the 1-dimensional heat conduction task is solved, in order to
determine two data points for the melting isotherm. Because the melt film thickness
next to the surface of the metal sheet is very small and the cut face in most relevant
cases in practice can be assumed to be almost vertical, the melting isotherm on the
sheet surface is a good measure for the expected cut width.
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Fig. 6.70 System diagram of sensor placement in the TRULASER 5030

The point (xo,y0) or (x1,¥1) within a dotted stripe where the melt temperature 7',
is present as surface temperature 7'g will be limited to the space between two data
points and is approximated using linear interpolation. The surface temperature T's
and the depth of thermal penetration &y, are determined locally at the data point as
a function of the local distribution of the intensity by using the following differential
equations:

aT. Ts — T
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with b; = 3/5, Ty as ambient temperature, «1 as temperature conductivity, Aw as heat
conductivity and Q,(7, ) as the heat flux due to absorption of the laser beam on the
surface of the metal sheet.

Using the two points (xo,vo) or (x1,y1), which can be determined by resolving the
above differential equations, and the x-axis as the axis of symmetry, a circle can be
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Fig. 6.71 Principle of the 1D pre-heating model to determine the cut width during laser cutting
defined, which is then used in the calculation of the cutting kerf width. This results in:
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With this calculation procedure to determine the cutting kerf width, and by varying
the parameters, base data can be generated from which a meta-model can then be
created to predict the cutting kerf width from the focal position.

In Fig. 6.70 the sensor system is shown which was developed for the coaxial
process monitoring which enables the problem to be solved. The processing beam
is combined via beam-splitters to the process monitoring, what allows monitoring
of the working area during the process. Information about the process is imaged
using optical elements on a 2-dimensional detector and this gives spatially resolved
measurands. Signal processing allows extraction of process variables and makes
these available in machine-readable form for optimisation.

The heating of the beam splitter has a major influence on the information content
of the sensor data (Fig. 6.72b). Figure 6.72a shows an image of the cut without
processing, so without the processing beam. In this case the beam splitter is at
its nominal temperature and achieves the image quality calculated previously using
optical simulation. In Fig. 6.72c the influence of heating can be seen with the resulting
reduction in the information content of the sensor signals. The aberrations relating
to power input can only partially be compensated in the algorithms which process
the signals and which extract the width of the cut from the sensor signals. If this
point had not already been covered in the design phase, this would have been a
case for interating in the methodology entering the creation of a meta-model at
Point C4 as shown in Fig. 6.55. In the case under consideration, a module was
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Fig. 6.72 Temperature behaviour of sensors in laser cutting. a Image quality at homoge-
neous temperature beam splitter b temperature distribution of beam splitter ¢ Image quality at
inhomogeneously heated beam splitter

developed to optimise the image quality, which receives data about the heating of the
beam splitter from FEM data and makes this data available to the ZEMAX optical
simulation. This allows imaging systems to be optimised based on power, energy
distribution and cooling. The knowledge gained from these simulations, on the one
hand feeds into the optimisation of the process monitoring, but on the other hand also
allows the evaluation of signals collected from the process, and so the development
of new algorithms. This module not only makes a contribution to the following
steps to expand the cognition of laser cutting machines, but also makes a universal
contribution to the simulation of thermally affected optical components.

In relation to the focal position, the signals for process monitoring are evaluated
using algorithms which extract the characteristics of cut width. The image of the
processing area shows the cutting kerf with its head and both side edges. The exact
cut width is extracted using multi-stage image processing. The relationship between
cut width and focal position is described by a meta-model. The input parameters
for the model are the caustic, the power and power distribution of the laser beam,
and the feed rate. Output parameter is the width of cut. By comparing the cut width
calculated by the model to the measured value a control deviation is found. This is
controlled by the ISA-system for the focal position.

The set-up assistant demonstrates the function of focal position measurement
during processing, and therefore replaces the measurement by means of a comb-cut.
This considerably reduces the time needed for rigging of the manufacturing system,
and allows an instant, repeatable measurement, with the prospective possibility of
closed loop control of the focus position during processing. The transfer of this pa-
rameter into self-optimisation is an example of gradual integration of self-optimising
components in manufacturing systems.

6.4.4.8 Results Weaving Process (ITA)

The values used to set-up a loom are normally gained from the weaver’s experience.
In addition, tests are needed to check whether the required product quality is being
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achieved. The aim of the study of the weaving processes is therefore self-optimisation
in the loom set-up for a given product quality. With the help of a self-optimising
set-up assistant, the test effort and its associated employee and materials costs are
reduced. Important quality variables for fabrics include its mass per unit area and
its tensile strength. The quality variables are depending on the characteristics of the
used material, as well as the weave construction and the manufacturing parameters
of the weaving process. An important factor is warp tension. It influences the crimp
of the textile and hence the mass per unit area and the tensile strength. Basically the
following context applies for the mass per unit area:

mg =mg +mg (6.12)
— Fex - Fag - 1+ E£% (6.13)
Mk = ek Tax 100 '
— Feg - Fds - (14 557 (6.14)
s = es hds 100 '

(with a mass per unit area of m¢, mass of warp yarn mg, mass of weft yarn mg, warp
density Fdg,warp yarn count Feg, crimp in of the warp yarn Eg, weft density Fdj,
weft yarn count Feg and crimp of the weft yarn E). For the crimp, the relationship of

_a-n

r

E%

100. (6.15)

is applied where 1 is the length of the straight yarn and r is the length of the woven
yarn (Latzke and Hesse 1974). The length of the woven yarn depends on the warp
tension (Akgiin et al. 2010).

For further research the minimum, maximum and mean traction of a warp during
the weaving process were defined as process variables. The weft density, the loom
speed, the warp tension of the entire warp system and the positioning of the warp
stop motion (angle, vertical and horizontal positioning, Fig. 6.73) were selected as
setting parameters.

The setting parameters have a significant influence on the time course of the warp
yarn tension. The position of the warp stop motion changes the so-called rear-shed
geometry of the loom. It has a determining influence on the course of the warp yarn
traction during the weaving process. In comparison with other loom elements such
as the back rest or the shafts, the effort needed to adjust the warp stop motion requires
only a small manual effort.

To create the data base for modelling, the following parameters were varied using
a factorial test plan:

* Loom speed [turns/min]

»  Weft density [threads/cm]

» X-position warp stop motion [cm]

* Y-position warp stop motion [cm]

* Angle of warp stop motion [degrees]

*  Warp tension of the entire warp system [kN]
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The warp tension of the entire warp system, the loom’s speed and the weft density
are gained from the loom via a network interface using a specially created software.
To capture the maximum, minimum and mean warp tension a sensor developed at
ITA is used, which is shown in Fig. 6.74 (Gloy et al. 2009).

The sensor enables the acquisition of dynamic yarn tension. The data acquisition is
implemented by a measurement amplifier, an analogue/digital converter and software
to record the data. The values for the strength of the textile were obtained using tensile
tests according to DIN EN ISO 13934-1. The mass per unit area is determined as
defined by DIN EN 12127. Measuring the mass per unit area on the loom is currently
not available industrially. In theory, there is an option to use radiometry sensors

— — _ 11
— — —
1 beam 4 strain gauge
2 crossbeam 5 warp threads

3 middle crossbeam 6 threadline

Fig. 6.74 Sensor to measure dynamic warp tension
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(Beta-back reflection method, ultrasound measurement and infrared measurement)
to measure the weight of the textile on-line. But the investment required for this kind
of equipment is higher than for the loom itself. Therefore, initially a capacitive sensor
was inserted between the breast beam and the cloth beam on the loom (Fig. 6.75).
The fabric is guided through the two capacitor plates. Any change in weight of the
textile leads to a change in capacitance and so to a measurable change in the current
output by the sensor.

Using the data base generated in this way, models are created to find the correlation
between the setting parameters and the process variable of yarn tension. Here, it turns
out that the positioning of the warp stop motion has the most impact on the course of
warp tension, see Table 6.6. In contrast, the angle of the warp stop motion has only
a minor impact on yarn tension and can be ignored for any further observations.

Analysing the correlation matrix of the process measurands in regard to the product
quality, the mass per unit area, the minimum yarn traction has the greatest impact.
Modelling of the correlation process variable to product quality regarding tensile
strength is shown in Fig. 6.76. The bigger the box in an appropriate field is the

Table 6.6 Correlation matrix of settting parameters for the process variable of warp tension when
weaving (from 0 minimum to 1 maximum influence)

Setting parameter Minimum warp Maximum warp Mean warp
traction traction traction

Revolutions 0.187 0.06 0.02

Weft density 0.195 0.129 0.133

X-position warp stop motion 0.06 0.05 0.01

Y-position warp stop motion 0.39 0.86 0.73

Angle warp stop motion 0.35 0.13 0.32
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greater the influence of the parameter. It is notable that the maximum warp traction
has the greatest impact on the strength of the textile.

Furthermore, a model was also investigated for the correlation between the setting
parameters and product quality, using the “AX-Workshop” software developed as
part of the project. The models used and their coefficient of determination are shown
in Table 6.7. To improve the model quality, the base data needs to be expanded.
Basically, it can be seen that the models are suitable for calculating product quality.

In ongoing work, inverse modelling is being researched, to enable the deter-
mination of the necessary setting parameters for a requested product quality. In
collaboration with industry partner Picanol NV, leper, Belgium, a self-optimising
set-up assistant is being developed as a next step.

6.4.5 Industrial Relevance

Increasing the competitiveness in an international scope using innovative and sustain-
able system solutions is a constant demand of manufacturing companies in high-wage
countries. A distinct variable in meeting this general requirement is the manufactur-
ing process itself. For companies, this creates the wanted result by the use of given
social and technical production factors. The state of the art in technology in 2006
shows that manufacturing processes are not being run at their physical limits. To
ensure product quality, mainly conservative manufacturing strategies are being se-
lected, in order to avoid process instabilities from the outset. Depending on the level
of complexity of the manufacturing process, and the dimensions of the determining

Table 6.7 Models for Model for transference of SP to PQ Coefficient of
translation of SP to PQ and determination R?
their absolute errors -

Regression model 0.89

Feed Forward neural networks 0.81

Exact RBF networks 0.2
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Fig. 6.77 Industrial use-cases with research partners

factor which are relevant for quality, this is achieved only with considerable set-up
or inspection costs as well as re-work when deviations from predefined product qual-
ity occur. In addition, during the set-up phase after product changeovers, intensive
test runs are needed in order to satisfy the required quality levels. This means, in
particular for small batch sizes, a disproportionate amount of downtime in overall
production. As a result, the described approach leads to high costs, in terms of both
time and money.

The manufacturing industry seeks to optimise manufacturing processes in terms
of processing speed and a reduction in downtime, always assuming product quality
can be maintained. This goal is reflected in the basic research question, with the
focus on rigging, monitoring and control of manufacturing processes. As a basis for
ongoing validation of progress and growth in knowledge in close alignment with
economic questions, each manufacturing process has an industrial use-case assigned
to it. The industrial applications and the partner companies are shown in Fig. 6.77.

The joint work of the five research partners on the solution of the tasks ensures
that solutions are generic in structure. Both the concept of Model-Based Self-
Optimisation with its ISA-systems, and the process-independent methodology to
generate meta-models, are tested by all five processes. This means that their appli-
cation to further processes is possible, which guarantees the sustainability of the
research outcomes in the conceptual domain. Sustainability in relation to gaining
process-specific findings is demonstrated by the research partners’ results.

6.4.5.1 Milling (WZL-TF)

The results achieved, if successfully transferred to industrial practice, will allow
an improved process understanding and in a first instance enable a more efficient
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design and improved controllability of this manufacturing process. Integrated into
the process design phase, the developed position-oriented monitoring system pin-
points unstable process behaviour in order to enable corrections in a targeted way.
For industrial practice, this application would reduce the necessary number of pre-
liminary test runs, resulting in a reduction of resource consumption and significant
cost-savings for single and small lot production. Also, this optimization ensures the
product’s quality and therefore avoids, due to the acquired process information, in-
stabilities by suitable parameter adjustments, In the simplest case the manufacturing
process can be stopped at its current position, avoiding further damage to the com-
ponent and therefore scrap costs. A reduction of both the manufacturing’s scrap rate
and required post-processing steps would significantly contribute to a company’s
competitiveness in the area of 5-axis milling.

Currently, the results achieved for machining thin, overhanging cantilevers are
transferred to a demonstrator, optimizing the finishing operation of a blisk’s thin-
walled blades. A blisk (blade integrated disk), known as a safety-critical component in
the aerospace industry, is subject to the highest quality requirements in order to avoid
failures in the later use. At present, the expected product quality can only be achieved
executing time consuming and expensive test runs. Integrating the results presented,
a quality-oriented monitoring of the finish milling process will be established which
reduces the number of necessary process design steps by far. For this purpose, the
results of the process monitoring are combined with those of the virtual process
design.

6.4.5.2 Model Evaluation (WZL-MQ)

The methods implemented in the AX-Workshop software for process-independent
process modelling, visualisation and evaluation, enable the efficient creation of sur-
rogate models for self-optimisation. An important part of this are the evaluation
algorithms, by which the quality of the employed models can be evaluated in rela-
tion to various criteria, such as global and local representation quality, or robustness
against disturbances, before they are put into use. In this way, evaluation provides the
necessary criteria for the implementation of surrogate models for Model-Based Self-
Optimisation in industrial practice. The AX-Workshop software and the common
methodology for creating meta-models provide an important contribution to making
model-generation systematic. The shift from an intuitive model-generation process,
only open to implementation by experts, to a standardised procedure with soft-
ware support, reduces modelling effort substantially, and allows a quality focussed
generation of models.

6.4.5.3 Plastics Injection Moulding (IKV)

Injection moulding of thermoplastics is one of the most important processes in
plastics processing. Thanks to the high level of flexibility displayed by mouldings’
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geometries and their materials, products can range from micro-components to car
wings or complete telephone booths (Johannaber and Michaeli 2004; Michaeli 2006).
In the automobile industry injection moulding is widespread, especially for technical
parts. The injection moulding process is at the start of the process chain for creat-
ing complex assemblies. This means that fluctuations in mouldings’ quality such as
distortion propagate through the process chain. Therefore, it is important that the
injection moulding process reacts robustly, even in the case of disturbances, as oc-
cur from the use of recycled materials in the mix. The works within the cluster of
excellence focuses mainly on self-optimisation to stabilise the injection moulding
process. In close cooperation with the machine manufacturer ARBURG, systems
will be further developed in future to stabilise moulded part quality.

6.4.5.4 Welding (ISF)

The technological results achieved as part of the research work carried out in the
area of automated gas metal arc welding, if adequately transferred to industrial
manufacturing, allow to expect clear increases in efficiency in technical welding
applications in the areas of cost-efficiency, quality assurance and flexibility.

By preparing and applying a global quality model, the rigging time required to
prepare for manufacturing can be decisively reduced. The necessary setting parame-
ters for the required product quality, in this case the weld seam geometry, are found
almost instantaneously with the help of optimisation algorithms in the defined qual-
ity model, which means time-consuming and cost-intensive test runs are no longer
needed. Depending on the application, the necessary time for setting up and running-
in processes can be reduced by up to 50%. This is achieved by enabling expert staff
to decide more rapidly on the adjustment of values for setting parameters, as they
are supported by the technical welding expertise implicitly contained in the quality
model.

The results presented in the area of on-line monitoring, particularly through re-
liable in situ prediction of the weld seam geometry, based on the welding current,
welding voltage and sensor information such as gap width, workpiece to contact-tip
distance and welding torch orientation, now for the first time enable a closed control
loop to actively influence the weld seam geometry resulting from the weld pool, and
to adjust the process to suit the required geometry. Thanks to this prediction of the
weld seam geometry, the optimum process parameters can be determined and set in
the light of the process information listed above, without extensive empirical tests,
so that consistent weld seam geometry can be ensured. This leads to a sustainable
reduction in rejects, and to a reduction in the necessary repair work of up to 30%.

The self-optimising gas metal arc welding manufacturing system is notable for
its extensive flexibility, only restricted by the limits of the process model, and offers
the possibility of reacting very swiftly, and therefore with greatly reduced economic
effort, to changes in manufacturing conditions.
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6.4.5.5 Laser Beam Cutting (ILT/LLT/NLD)

The process of laser beam cutting is an established industrial process. In many areas,
flat-bed cutting machines are used to prepare steel sheets which are subsequently
converted into switchgear boxes, facade claddings, construction components in the
areas of mechanical engineering or plant engineering, or which find their use as
sub-components in complex technical devices.

For the research in the area of self-optimisation, the company TRUMPF provided
a flat-bed cutting machine to the cluster of excellence, equipped with a CO, laser
beam source. This machine is sold in large quantities on the international market,
and can manufacture continuously if automated accordingly. Optimisation potential
remains in the area where the cutting process is not yet run at its technical limits, so
where self-optimisation is capable of increasing the speed of manufacturing. This
relates to both questions of process stability, as well as the achievable quality of the
processing result.

The set-up assistant demonstrated as part of the project delivers a significant
reduction in the rigging time of the focal position and increases the reliability of
the result. The progress in modelling the cutting process already today enables the
integration of information from simulation based on variable material data, which
provides a way forward to its application for special alloy materials. On a second
front, the prediction of the stability of the cutting process taking key parameters into
account is now possible. The cognition which has been achieved in the manufacturing
system, provided by sensor technology and model-based signal processing, has the
potential to be extended to further parameters in the manufacturing process. This
leverage has the potential for a significant increase in the processing rate, bringing
it closer to the physical limits of the process. By replacing manual evaluation of a
comb-cut to determine the position of the focal position with the use of focal position
cognition, an important step has been taken in the direction of self-optimisation of a
technical system. Parts of the solutions in this area are already finding their way into
the development of a new generation of cutting machines.

It is expected that the application of self-optimisation to an extended set of pa-
rameters will enable a clear increase in the rate of manufacturing, and pave the way
for expansion into other application areas, from the cutting of thicker materials to the
rapid and precise processing of high-tensile steel for the construction of light-weight
automobiles. Here, the research is making a contribution to current socio-political
and economic success factors for high-wage countries.

6.4.5.6 Weaving (ITA)

The research in the area of weaving was carried out using looms from the loom man-
ufacturer Picanol NV, Ypres, Belgium. Aim is the development of a set-up assistant
for looms, which provides the necessary setting parameters to achieve a given quality
of fabric. Picanol has provided a loom for the research work on which the sensors
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developed to monitor product quality on-loom are being evaluated. In addition, com-
mands and interfaces for communication with the machine are being provided, which
will allow direct transfer of results to an industrial application.

6.4.6 Future Research Topics

The research and development in the area of self-optimisation of manufacturing sys-
tems is focused on providing a generic answer to the question of how manufacturing
processes can be described by models, so that they are robust against disturbances,
and can themselves adjust parameters, so that the product which is produced meets its
specifications. The strategy developed to implement self-optimisation, and the meth-
ods for generating meta-models, taken together with the description of processes in
reduced machine-readable models, are the two main pillars of “Model-Based Self-
Optimisation for manufacturing systems”. The creation of set-up assistants shows
the innate strength of the proposed solutions. In addition, the works in cooperation
with industry partners show the possibilities for gradual implementation of self-
optimisation through selective integration of ISA-systems in existing manufacturing
systems. These results contribute to the reduction of rigging effort in product quality
focused manufacturing.

In future studies it is necessary to further develop the concepts and methods, so
that they can serve as a general basis for industrial engineering services. This is only
feasible today in some selected cases. The validity of the methods for developing
surrogate models has already been demonstrated, using the manufacturing processes
which were studied. But to date it has not been possible to make any claims in re-
lation to the stability arising from the interaction between meta-model, process and
control system. Therefore, the expansion of self-optimisation from process monitor-
ing and process control of isolated scalar parameters to dynamic multi-dimensional
parameter spaces with the stability issues these entail, is a substantial focus for
research.

The methods for the generation of models currently are targeting the manufac-
turing process. To successfully relocate within the parameter space, Model-Based
Self-Optimisation has to take the machine behaviour into consideration. Therefore,
methods need to be developed to combine algorithms for model-based optimisation
with the machine-specific dynamic behaviour and performance of the machine. As
it can already be predicted that, in most cases, this type of wide-ranging information
is unlikely to be available in entirety and generically, methods also need to be devel-
oped to determine and describe the machine’s behaviour under all relevant processing
conditions.

The determination of the operating point within the manufacturing process has
already been demonstrated for a reduced parameter space. Manufacturing processes
which need to evaluate multiple process variables in order to reliably determine their
operating point at times need to process a vast amount of data instantly. So that the
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Fig. 6.78 Self-optimising manufacturing systems in verbund

analysis of this data can lead to an increase in cognition, new concepts for multi-
sensor concentration are needed. Independent of its information content, acquired
data needs to be used with respect to its context both for model-based optimisation
systems in a superordinate scope, and also for subordinate systems within control
loops.

Under the title “self-optimising manufacturing systems in verbund?®” the aim of
complete transparency of the manufacturing process will be pursued during the sec-
ond phase of the cluster of excellence. This quality-focused, product-to-product
transparency enables the realisation of quality-guided manufacturing Verbiinde,
where the final product defines the requirements which all manufacturing systems in
the federation must comply with. Each manufacturing system also uses the manu-
facturing history of the product as an input variable, processes the product according
to the externally defined objectives, and forwards the finished product accompanied
by an extended history. Subsequent processes use this information to adjust their
processing, so that they in turn achieve their externally defined objectives (Fig. 6.78).

“Self-optimising manufacturing systems in verbund” will demonstrate their abil-
ity to adapt to changed parameters on the input, and to changed requirements in
the processing result. The gain in the area of stability, and the reduction in rigging,
contribute to economic factors for the production of individual items, and address the
scale-scope axis of the polylemma of production. The increase in flexibility and the

2 Verbund in this context describes the union of cooperating manufacturing systems which them-
selves react autonomously to changing requirements such that all entities within the union together
achieve the global objective of the union.
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interaction with the planning level address the plan-value axis. By turning historical
information from manufacturing steps into valuable input for the planning level, the
processing parameters can be adjusted at an early stage for the subsequent manufac-
turing steps. This modularisation of the manufacturing site can also be applied using
the model-based approach in virtual environments, as the quality-relevant behaviour
exists in machine-readable form.

6.5 Integrative Product and Process Design
for Self-optimising Assembly

Christian Brecher, Peter Loosen, Rainer Miiller, Nicolas Pyschny, Alberto Pavim,
Matthias Vette, Adam Malik, Kamil Fayzullin and Sebastian Haag

6.5.1 Abstract

In the scope of the Cluster of Excellence “Integrative Production Technology
for High-Wage Countries” and more specifically within the sub-projects “Self-
optimising Flexible Assembly Systems” and “Model-based Assembly Control” the
application of self-optimisation principles in the automated assembly of complex,
multi-variant products are under investigation. A miniaturised laser system developed
in-house—the “MicroSlab” (see Sect. 7.3)—is used as demonstration scenario.

The motivation behind this research results in particular from the rapid devel-
opment of optical technologies, which has caused a steady increase in the demand
for products with optomechanical features. The technological development of such
products is driven by a clear trend towards miniaturisation, which defines the highest
demands on the precision of production and assembly technologies. Today, precision
assembly is characterised by a high degree of manual or semi-automatic processes,
which encourages production migration to low-wage countries. The automation of
these processes is an essential prerequisite for manufacturing competitive products
in high-wage countries. Due to high engineering efforts and high installation costs,
a high degree of automation is currently only economically viable for the mass pro-
duction of standardised products. A constant shortening of product life cycles and
the demand for a bigger diversity of variants represent major impediments to exten-
sive automation levels. Therefore, investigating the possibilities for increasing the
flexibility of automation in optomechanical assembly is an essential task. Flexible au-
tomation enables the manufacturing of customised products at low production costs
and contributes to the resolution of the “scale-scope” dilemma. Here, automation is
studied in terms of job retention: a trained operator should be optimally supported
and complemented, not replaced.

Turning automation processes more flexible induces increased organisational and
planning effort. A detailed and hierarchical planning structure in form of a fixed
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assembly sequence for a wide range of products could only be implemented with very
high effort and considering assembly components with high tolerance (and costs).
The approach used in the sub-project for resolving the dilemma between planning and
value orientation in assembly planning is based on the self-optimisation of assembly
processes. In this respect, some of the relevant decision making is transferred to
the assembly system during the execution of the assembly process. This implies
reducing the planning efforts, because not all decision trees have to be fully defined in
advance, but rather they can be created during the assembly process. According to the
definition of self-optimisation, the assembly system must be able to derive new goals
from observations of the assembly process and adapt itselfto the dynamical boundary
conditions. The required level of autonomy for such purposes can be achieved by
means of implementing modular substructures (for example “software agents™) that
can perceive their environment and react to changes based on rules or models. Hence,
system operators are made responsible only for coordination tasks, such as planning
the product features or evaluating time, costs or quality of the assembly end product.

The following section introduces an insight into the state of the art in the field of
micro and precision assembly of optical systems, from which the research purpose
is derived.

The results section firstly develops the topic of self-optimising assembly systems
on a conceptual basis. Based on a basic definition of self-optimisation in technical
systems, the prerequisites, or building blocks, for self-optimising assembly systems
are then derived and explained (see Sect. 6.5.4.1). These include:

* the flexibility and mutability of automated systems,

* the autonomy of assembly cells,

+ automated planning in flexible assembly systems and
 cognition and learning ability in automation technology.

In the sequence, some specific solution approaches for the automated assembly of
the MicroSlab are explored and the solutions developed for model-based assembly
control are presented (see Sect. 6.5.4.2).

In addition to addressing the topic of self-optimising assembly systems, methods
for the integrative design of products, processes and equipment in assembly were
developed and these are presented in Sect. 6.5.4.3. Finally, future research in the
individual topics is outlined.

6.5.2 State of the Art

Technological developments in many areas of the consumer and capital goods indus-
try are driven by dynamic changes in customer requirements and a clear trend towards
miniaturisation combined with functional integration (Lotter 2006). In various areas
of consumer electronics, automobile manufacture and industrial production as well
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as in medico-technical applications, miniaturised approaches help to find better so-
lutions to problems or to even make it possible to solve certain problems for the very
first time (Pfirrmann and Astor 2006).

Based on rapid developments in microelectronics and semiconductor technology,
a multitude of different manufacturing techniques from microtechnology have been
established such as coating, lithographic and etching techniques, which, through
parallel production (batch processing), are suitable for large lot sizes and thus achieve
low unit costs.

Through monolithic integration, i.e. the integration of sensors and actuators using
the structuring techniques mentioned above, various and sometimes highly complex
technical solutions have been developed for actuation systems, sensors and analy-
sis systems since the beginning of the 1980s under the general term microsystems
technology (MST) (Volklein and Zetterer 2006). In a microsystem, in addition to the
electrical and mechanical components, there are often optical functional elements too
(Hankes 1999). Although there is no sharp definition of microsystems technology,
there is generally a consensus that it describes the discipline of integrating as many
different functions as possible in a small space, whereby at least one component of
the microsystem is produced micromechanically.

In order to manufacture microsystems, driven by applications with micromechan-
ical, microoptical and microfluidic components, attempts are being made to open
up the third spatial dimension in production technology. Despite some progress,
3D capability in production processes remains extremely limited, becomes very
costly as the complexity increases and is only viable where very large unit numbers
are concerned. Against this background, the type of system integration (mono-
lithic or hybrid) is increasingly determined by the economic boundary conditions
and is following the clear trend towards hybrid integration from various production
environments.

The area of production technology concerned with the hybrid integration of minia-
turised products is usually referred to as microassembly. According to DIN 32564-2,
the term “microassembly” is defined as follows: “microassembly is the assembly of
microtechnical components, the fitting of microcomponents on mounting surfaces
or their installation in housings, including electrical contacting and the creation of
other connections (e.g. media)” (DIN 32564 2003). A more precise classification of
microassembly compared with the related discipline of precision assembly as well
as conventional assembly is shown in Fig. 6.79. According to this classification,
microassembly is characterised primarily by small component dimensions, whereas
precision assembly is characterised mainly by the required assembly precision of
less than 25 pm.

6.5.2.1 Microassembly

For Germany as a production location, microsystems technology offers long-term
employment prospects. At present, there are 680,000 jobs in the direct technological
environment, plus the jobs in the application sectors. Economically, the market for
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Fig. 6.79 Systemisation of assembly techniques. (Petersen 2003)

microsystems is already an above-average growth market with estimated average
growth rates of 16%. These estimates do not include the value-adding portion of
microsystems technology which results from integration into innovative products
and of which experts expect a “leverage” factor of seven (Salomon 2006).

Due to the economies of scale through mass production, the unit costs of standard
parts and components for microsystems are often very low, whereas the cost caused
by microassembly is extremely high—up to 80% of the overall manufacturing costs
of amicrosystem. This is due to the predominantly low level of automation combined
with high wage costs in Germany (Hesselbach et al. 2002). This could be interpreted
as the reason why, in contrast to monolithic microsystems, a distinct increase in
the unit numbers is still proving elusive in the field of series production of hybrid
microsystems (Korb 2005).

In addition to high wage costs, there are other reasons for conducting intensive
research into the flexible automation of hybrid microassembly. The small compo-
nent dimensions cause difficulties with manual assembly because the highly precise
positioning and focussing on small parts, e.g. under a microscope, are ergonomi-
cally suboptimal for human employees. If miniaturisation continues to progress, it
will become more difficult for humans to carry out the required assembly operations
safely and efficiently while maintaining the same quality.

6.5.2.2 Precision Assembly of Optical Systems

Optical technologies have now developed into a cross-sectional and key technology.
This has resulted in a constantly growing demand for products with optical and,
in particular, microoptical components in many technical fields (medical technol-
ogy, information and communication technology, measuring technology, production
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Fig. 6.80 Market forecast for optical technologies. (From von Witzleben 2006)

technology, etc.) and, therefore, these technologies are steadily gaining significance
for the overall economic development of industrial countries (Fraunhofer IOF 2006)
(Fig. 6.80).

Similar to the development of microsystems technology, through continuous
miniaturisation and functional integration, optical systems are also opening up more
and more new areas of application for non-optical components too. Essentially, these
applications involve generating, manipulating or detecting light using optoelectronic
components as well as components from electronics, actuator engineering and silicon
micromachining (Beckert 2005).

From the perspective of the production technology polylemma, optical assemblies
are characterised by evermore complex, multi-variant systems. At the same time, only
small to medium unit numbers are usually required. Macrooptical systems are, for the
most part, assembled and aligned in manual processes, whereby efficient execution
requires many years of experience (Bauer 2008).

The classic system design is based on the so-called optical bench onto which
the optical components are mounted in mechanical, manually adjustable manner.
Optics, electronics and mechanics are generally treated as separate entities. These
design principles cannot be transferred to miniaturised optical systems because they
do not satisfy the requirements in terms of packing density, functional integration,
robustness and unit costs (Beckert 2005).

As a result, there is a strong link between product design and the production
process whereby the optical design of the assembly determines, in particular, the
requirements on the assembly process. Miniaturisation restricts manual assembly to
the extent that new solutions need to be developed especially in terms of flexible
automation of the assembly of microoptical modules. In this respect, microoptical
systems need integrative approaches that take an integrative view of product design,
component manufacture and assembly.

To build complex hybrid microsystems with optical elements, in addition to an
automation-friendly design, new and complementary technologies are required for
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joining and above all handling optical components (Bauer 2008). From a production
engineering point of view, the joining methods used are decisive when it comes to
different material pairings and, in particular, for opening up the third spatial dimen-
sion in assembly and alignment. Another key challenge is the precision required,
which, depending on the application and component, is in the submicrometre to low
two-digit micrometre range (or between low microrad and millirad) (Beckert 2005).

Hence, for further market penetration and to secure or recover jobs in high-wage
countries, manual processes need to be replaced by flexible automation solutions for
small and medium unit numbers (Photonics 21 2010). In this respect, based on their
characteristics, the optical systems in question can be considered representative of a
wide range of multi-variant, complex, miniaturised products.

6.5.2.3 Automation Solutions from Science and Industry

The relevant scope of automation technology for micro and precision assembly can
be divided into the topics of handling and precision joining, which are explained in
the following sections.

Handling The accuracy required for assembling optical systems is in many cases
in the single-digit micrometre range and is often even in the submicrometre range.
In the industrial world, huge efforts have been made to develop robots with similar
positioning accuracy. Vertical articulated arm robots can achieve a positioning accu-
racy of approximately 50 um (in some cases 20 um) and SCARA robot kinematics,
depending on frame size, can achieve down to 10 um. The repeatability of Cartesian
systems with linear axes, which are widely used in microassembly, is 1 um for single
axes with optical scales, but this is not necessarily the spatial positioning accuracy
(Hesselbach et al. 2002).

Furthermore, manufacturers like PI and Micos produce high-precision single axes
which are used in stacked systems for multi-axis alignment. There are also parallel
kinematic concepts which allow multi-axis alignment with extremely high precision,
but tend to only cover small working areas (e.g. Micos SpaceFab, PI HexAlign, PI
M-810).

The high accuracy of precision robotics is associated with a high acquisition price.
In many cases, for efficient assembly, large working areas are required to be able to
feed the components and integrate the wide variety of sensors mentioned above. This
increases the costs many times and sometimes is not even conceptually feasible.

Fully automated assembly systems are predominantly available for electronics
production (pick-and-place, SMD, die bonding) or tailored to very specific applica-
tions (e.g. the Sysmelec SMS1000 for assembling microlenses and optical fibres).
There are no flexible and cost-effective systems that allow integration of various mod-
ules from different manufacturers and therefore fast reconfiguration of peripheral
equipment (Gramann 1999).

This fact reduces the availability of precise handling systems for laboratory au-
tomation, especially for young high-tech companies, which makes it impossible to
exploit any potential for rationalisation in product development and series production.
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In research, different approaches are used to achieve the required assembly preci-
sion (e.g. micromanipulators, microrobots). However, to date there is no consistent
overall concept for modular systems. Prototype assembly systems developed in
collaborative projects are always designed to facilitate assembly of a product.

The gripping of precision- and microcomponents has been investigated in various
collaborative projects (e.g. German Collaborative Research Centre SFB 440 “As-
sembling hybrid microsystems™) and various physical principles can be exploited
to grip different components. For assembling microoptics, however, there are no
solutions that address the specific requirements of these components: (1) to build a
product, many different components need to be gripped and held, which means the
gripping system needs to be flexible; (2) there is usually only minimal surface area
available for gripping the component; (3) hybrid gripping, alignment and joining of
components increase the demands on the robustness of the gripping principle and
the process-safe holding of components in the aligned position.

Precision Joining of Microoptical Components To join microoptical components,
a whole range of attempts have been made to make conventional joining methods
from macroscopic production also suitable for microscopic applications. The feasi-
bility of joining specific material pairings plays a central role in this respect. The
German Collaborative Research Centres SFB440 and SFB356 focused in particu-
lar on the joining methods as micro-soldering, micro-electron beam welding and
micro-bonding.

For optical components (non-metallic materials), soldering and bonding processes
are most suitable. During assembly, it is crucial that these components can be aligned
and fixed in the designated position. Using UV-cured adhesives, in principle, this kind
of alignment is possible in the liquid adhesive provided a corresponding adhesive
gap is created and maintained. In this regard and with respect to the state of the
art, there has been no systematic investigations about the shrinkage behaviour of
different adhesives and gap geometries, nor is it known for sure how alignment in
the adhesive can be reliably and efficiently performed.

The company Coherent GmbH uses a patented soldering procedure (PermAlign)
to assemble optics which requires relatively complex preparatory steps (Woods und
Pflanz 2008). Various research projects are also striving to develop suitable soldering
procedures.

Conclusion The state of the art is characterised by manual or semi-automatic solu-
tions involving the use of highly specialised soldering or bonding technologies for
individual components or assemblies. In terms of cost-efficient automation, the state
of the art in micro and precision assembly should therefore be considered critical.
While there are some fully automated systems already, most of them are designed
for a specific purpose, i.e. product-bound, and are therefore inflexible and it would
take considerable effort to convert them for use with other products. Automatic as-
sembly units are associated with extremely high acquisition costs and the investment
risk increases when sales figures are difficult to predict because this means it is not
possible to guarantee that the amortisation point will be reached within the product
life cycle.
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Automated systems that guarantee improved cost-efficiency even with fluctuating
unit numbers and a high variant-diversity are of significance, especially for small and
medium-sized enterprises. Regarding the considerable growth potential of product
technologies and applications, this is a promising starting point for new concepts and
technologies which, based on the high demands optical assembly places on flexibility
and precision, can also be transferred to other products and industries.

6.5.3 Motivation and Research Question

The Cluster of Excellence “Integrative Production Technology for High-wage
Countries” addresses the challenges faced by manufacturing companies, especially
those in high-wage countries. Given the complex competitive situation in the
globalised market, many companies are struggling to devise a strategy for meeting
the increasingly dynamic and complex demand. Unification of the strategies of
differentiation and price leadership has not been achieved until today due to
irreconcilable differences between economies of scope and economies of scale as
well as between plan and value oriented production.

The Cluster of Excellence is developing contributions to production technology
which, based on their integrativity, i.e. the integrative view and thus also the interdis-
ciplinary solution of tasks, contribute to reducing both dichotomies mentioned above.

The key question in this chapter is how complex, multi-variant products can be
efficiently manufactured in high-wage locations. The focus is set on assembly, which
is increasingly becoming a key value-adding element and thus a core competence of
the company. Assembly is also the last value-adding stage through which direct prox-
imity to the market is influenced the most by a dynamic environment. In this respect,
strategic positioning between the opposing corners of the production polylemma is
possible. Figure 6.81 shows the corners on the relevant axes.
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Automated assembly systems are efficient for high unit numbers and stand for
economies of scale in mass production. Most processes have to be planned in advance
and explicitly implemented because of the considerable adaptation work required,
which means it is practically impossible to implement changes in the production
process at short notice. In contrast, manual assembly is extremely flexible and copes
better with variant diversity and fluctuations in demand. Value-oriented control mech-
anisms are increasingly being used in order to improve efficiency. The strategy of
differentiation and the related economies of scope are, however, required because of
the strong influence high wage costs have in international competition. As a com-
promise, hybrid or semi-automatic as well as flexible assembly systems are found
between the extremes of the polylemma.

Concepts for self-optimisation should be implemented to create modern assem-
bly systems that combine high productivity with high flexibility by reducing the
effort required for planning, configuration and process ramp-up in flexibly auto-
mated systems. Self-optimisation offers solutions in which system adaptations are
autonomously planned and implemented in order to respond to changed conditions.

The following section presents approaches for self-optimising assembly automa-
tion which help to reduce the production polylemma.

The technological focus of this chapter focuses on the assembly of complex op-
tical systems which, as explained in the introductory sections, place the highest
demands on the flexibility and accuracy of the assembly system whilst at the same
time representing a wide variety of products that combine evermore and increasingly
heterogeneous functional elements in the smallest of spaces in line with the trend
towards miniaturisation. The basic research question is therefore:

How can high-tech products be assembled cost-efficiently in high-wage locations?

This chapter investigates how self-optimisation can help create flexibly automated
systems that enable efficient production of complex, multi-variant products. The
research aims to develop concepts for automated assembly of a miniaturised laser
system (see also Sect. 7.3) and, on that basis, aims to demonstrate and study cognitive
and self-optimising elements in industry-related applications.

6.5.4 Results

Based on a basic definition of the term self-optimisation, the following sections will
first consider the technical and conceptual bases for self-optimisation in automated
assembly systems. In light of the research question, the various aspects of flexibility
and adaptability, autonomy as well as cognition and learning ability are brought into
the context of self-optimising assembly systems.

Then Sect. 6.5.4.2 presents concrete solutions for the automated assembly of
miniaturised laser systems which were developed in the project “Self-optimising
Flexible Assembly Systems”. One focus of the deliberations is autonomous planning
in assembly cells (Project: “Model-based Assembly Control”).
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The concepts and methods developed to facilitate an integrative procedure for
designing product, process and production equipment are presented in Sect. 6.5.4.3
using the example of a miniaturised laser system. Detailed information about the
development of the laser system (MicroSlab) is given in Sect. 7.3, “Integrative
Production of Micro-lasers”.

6.5.4.1 Self-optimising Assembly Systems

With respect to the production polylemma, self-optimising assembly systems are
seen as a means of alleviating the polylemma by allowing short-term adaptations to
current conditions and objectives to be made with minimal planning, reconfiguration
and change-over effort. In this respect, self-optimisation is to be understood as the
ability of a system

* to continuously analyse of the current situation and
* to derive system objectives based on that analysis and then
* to autonomously adapt the system behaviour accordingly.

The first point ensures that the current state of the system and its environment is
identified. The information obtained is then used to determine the new objectives of
the system (point 2). These objectives should bring the system to an optimal operating
point and they can be either selected, adapted or even newly generated. Once the
new system objectives have been determined, the system behaviour is adapted to
the new conditions (point 3). In layman’s terms, self-optimisation means “thinking
whilst doing” instead of “thinking before doing”.

According to a definition in the German Collaborative Research Centre SFB614,
self-optimising systems have the ability to respond autonomously and flexibly to
changing environmental conditions, user intervention and actions of the system.
Behaviour is optimised based on machine learning (Frank and Gausemeier 2004).

The basic prerequisites of an assembly system for implementing self-optimising
mechanisms are therefore flexibility and mutability (as the basis for adapting system
behaviour) and autonomy (for mastering complex processes robustly and without
human intervention) (Fig. 6.82).

Self-Optimizing Assembly Systems
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A self-optimising system is able to pursue new objectives based on dynamically
changing boundary conditions through the use of automatic planning and optimisa-
tion functions or through the integration of cognitive structures without focussing on
the planning effort of the system and without having to suffer corresponding losses
in efficiency and profitability.

The next section first discusses the three main aspects of flexibility/mutability,
autonomy and cognition as the fundamental basis for designing self-optimising as-
sembly systems before presenting concrete implementation concepts for producing
laser systems using an automated assembly cell.

Flexible and Mutable Automation In the context of assembly, flexibility refers
to the ability to adapt an assembly system quickly and with little effort to changed
influencing factors. With regard to flexibility, organisational and technical changes
are limited at the time of planning by defined corridors (Abele et al. 2006). Hence
a change in the number of units, for example, can be represented to a pre-defined
extent within these corridors. Mutability, on the other hand, refers to the potential
to implement possible changes on a reactive basis beyond the defined corridors
(Reinhart et al. 2002). So, when planning mutable assembly systems, no explicit
limits are set. Hence, the systems are largely solution-neutral; the necessary scope
for possible changes is therefore taken into account (Nyhuis et al. 2008). Only by
simultaneously increasing flexibility and mutability is it possible to meet the growing
dynamics of turbulent market conditions (Spath and Scholtz 2007).

The influencing factors that lead to turbulence in the assembly system come from
a number of external sources (e.g. the market, society, politics, technology, etc.)
or from the production system itself. They affect assembly via a certain number of
channels. The influencing factors, also known as change receptors, include:

* products and product variants,

* costs,

* time,

* number of units,

* quality and

 the elements of the assembly system (process technologies, system technology,
tools, etc.).

All the requirements on flexibility and mutability can be traced back to changes of
one or more of these receptors (Cisek et al. 2002). This results in various requirement
categories which can be summarised as

» component and product flexibility,

» capacity and utilisation flexibility,

+ process and technology flexibility and

* planning flexibility through connection to business data flows.

Component and product flexibility comprises the ability of an assembly system to
adapt to frequent variant changeovers and to further/new product developments.
Capacity and utilisation flexibility (or scalability) focuses on adaptability to varying
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unit numbers caused by fluctuations in demand or the evolvement of production
volume within the product life cycle. Process and technology flexibility describes an
assembly system’s capability to apply different handling processes and, in particular,
different joining processes depending on the component to be assembled as well as
its capacity to use need-based measuring and testing technologies (Kurth 2005). A
pre-requisite for planning flexibility is that the state of assembly is always transparent
in the information systems, allowing the impact of short-term changes to be assessed.
That way, the costs, time and quality parameters can be balanced out in direct market
interaction by, e.g. by applying customer-specific pricing based on the variant and
lead times (Westkamper et al. 2001).

To meet these requirements and to create a basis for reacting quickly to changing
environmental conditions, an assembly system must have so-called change enablers
which describe the necessary properties of the system elements. These include
(Nyhuis et al. 2008):

*  Modularity: modularity describes the ability of an assembly system to exchange
standardised, functional units or elements (modules);

» Compatibility: compatibility between system elements allows individual elements
to form networks with one another and interact in various configurations through
uniform interfaces (mechanical, electronic, data-related);

» Universality: universality of system elements describes the dimensioning and
design of these elements for various requirements and application areas;

* Mobility: mobility refers to the spatially variable usability of system elements;

* Scalability: scalability means the technical, spatial and personnel-related exten-
sibility and reducibility of an assembly system.

Figure 6.83 summarises the information about the flexibility and mutability of
assembly systems.

Driver Flexibility Enabler
requirements
Product and
Product Variants Universalit
Component and y
) Product
Time
Mobility
Capacity and
Cost f L
A Utilization
Scalability
Quali
o Proci and
\ Techmsiogy Modularity
Quantity
System Elements Compatibility

Fig. 6.83 Change drivers and change enablers
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Flexibility and mutability create the degrees of freedom required for short-term
re-planning and reconfiguration of assembly systems and therefore provide the basic
foundations for self-optimising systems. Additional degrees of freedom lead first
to increased system complexity and then to greater complexity in the planning and
control of highly flexible systems. To cope with this complexity and get closer to the
basic goal of self-optimisation with a view to reducing planning effort, additional
components are also needed.

Autonomous Assembly Cells With respect to an assembly cell, autonomy means
the capacity for reliable and error-free execution of complex assembly processes for
a longer period and with a maximum degree of independence. Autonomy enables
the system to respond proactively to environmental factors of influence (Pfeifer and
Schmitt 2006). The need for an assembly system to offer the greatest level of auton-
omy possible is due to the fact that with the increasing depth of process automation,
the number of process faults also tends to increase. In addition to producing a de-
terioration in process and product quality, this means that in order to remove these
faults, time-intensive intervention by specialist staff is required and that staff must
also be capable of coping with the increasing requirements caused by the growing
complexity of processes and systems. For the transition from rigid automation solu-
tions to flexible, fast and efficient assembly systems, the following three sub-aspects
of autonomy can be identified:

* Autonomy for the user through optimised support The assembly system provides
the user with a variety of functions and information and allows the user to intervene
in the assembly process and in the planning of the next assembly steps;

*  Autonomy through fault tolerance The assembly system has functionalities that
enable it to react autonomously to faults caused by parameter fluctuations and
other influences. Faults can be rectified autonomously if there is a high level of
integration of the various system modules and fault rectification strategies can be
planned;

* Autonomy through closer integration of sub-functionalities The assembly system
benefits from an extended range of functions through the automation of all sub-
operations of handling, joining, aligning, measuring and control as well as through
additional services for process planning, monitoring and control.

Based on the key requirement of enhancing the responsiveness of automated assem-
bly cells in the event of fluctuating influencing variables and making efficient use of
the increased flexibility, there is a need for new functions along with new hardware
and software concepts in the control system. One essential element in this respect is
an information and communication technology infrastructure for connecting a vari-
ety of actuators and sensors in the form of a flexible and extendable sensor/actuator
network. Furthermore, a self-optimising assembly cell must also have significantly
expandable planning functions if it is to achieve the desired degree of autonomy.

Automated Planning in Flexible Assembly Systems The task of cross-process
planning at the higher levels of production systems involves scheduling and coor-
dinating the production and assembly orders that result from customer or planning
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orders and reacting to process-related changes caused by re-planning activities. To
meet the needs of increasingly complex planning as result of dynamic influences,
planning efforts have to be purposely decentralised, i.e. moving them to autonomous
subsystems coordinated centrally (Pfeifer and Schmitt 2006).

Hence, flexible assembly systems are organisationally and technically divided
into decentralised units (in automated systems: into autonomous assembly cells)
which carry out process-related planning and control. If numerous cells have to
work together to assemble a product, these cells are coordinated by a central entity.
Coordination or even assembly planning includes allocating individual tasks to the
subsystems. These tasks can be described in the form of complete programs that can
be loaded into the cell control system for direct execution. This, however, involves
major planning effort in the central unit and the result can usually only be used for
a predefined cell configuration. Optimisation of process execution is usually done
offline. A steady flow of new and changing tasks calls for frequent planning (diversity
of variants, shortened product life cycles). Taking uncertainties into account when
deliberating the plans hugely increases the workload and even hinders automation.
If conditions vary, plans need to be changed and this delays execution. Program
creation and optimisation (as part of planning) is time-consuming and requires a
great deal of expertise, yet parts of programs can rarely be re-used.

What is considerably more flexible is an abstract, task-oriented interface between
assembly planning and the executing cells, which are translated into device-related
actions within the cells. Hence for an automated assembly cell, planning means
determining the execution of a defined task. The result is a plan that describes a
chronologically ordered sequence of actions. A complete plan contains the following
aspects of the action description (Siegert and Bocionek 1996):

» Action planning (What?)

» Sequence planning (What is the temporal relationship?)

* Resource planning (Who?)

* Timing (When?)

» Execution/process planning (How? With which parameters?)

For automated planning, the cell control system requires a knowledge base with an
environment model (cell model) and with rules regarding how a task is to be broken
down into individual steps. At each planning level, only the section of the world
relevant to the problem should be considered as this limits the number of states and
therefore the planning effort.

In addition, synchronisation patterns are required for coordinating the activities
and various algorithms are needed for planning specific device actions (grip plan-
ning, path planning, sensor integration). In planning, one distinguishes between the
following procedures (Siegert and Bocionek 1996):

* Goal-oriented planning: In a perfect world, an overall plan would be created and
executed without the actions being monitored.

* Reactive planning: A complete plan is created for an assumed world model.
During execution, if action monitoring detects any deviations, a new plan is
created or the goals are changed.



6 Self-optimising Production Systems 863

* Opportunistic planning: Plans are created for alternative scenarios and all goals
are pursued simultaneously. In the next step, the plan promising the greatest
success is selected based on the current state of the system.

* Reflexive planning: This involves an event-driven, step-by-step plan based on the
actual data to hand with few forward-looking assumptions.

In conventional automated systems, planning is usually detached from execution.
This basically corresponds with goal-oriented planning and results in rigid sys-
tems with a lack of responsiveness. During execution, the other types of planning
mentioned above reflect the principle of self-optimisation: analysis of the current
situation, determination of system goals, adaptation of system behaviour.

For self-optimising automation, it must be possible to move planning scopes, in
the sense of reactive, opportunistic or reflexive planning, into the control system
(depending on the planning task different alternatives should be preferenced).

Automated planning in flexible assembly systems presents a challenge because of
the special conditions. As the last link in the production chain, assembly is constantly
exposed to changing quantities, variants and products. Thus, assembly depends on a
lot of parameters of the prior production steps. As already mentioned, the difficulty is
that not only faults and problems of the prior production steps have a negative impact
on assembly precision or even the feasibility of assembly, but changing production
tolerances and production processes also influence assembly. This reaffirms the need
for reconfigurable and adaptive assembly systems.

Automation technology has been helping to make production processes faster,
more precise and reproducible (Weck and Brecher 2006). At the same time, it has
become a limiting factor. This is because the increasing complexity of the processes,
and therefore also the ever-higher degree of subsystem networking, is confronted
with the impermeability of different control domains (e.g. NC, RC, MC, PLC) com-
bined with “weak” programming paradigms. Today’s automation technology is well
suited to reliably facilitating well-specified processes with short cycle times. Varying
requirements or boundary conditions, however, are difficult to depict during process
time and call for time-consuming planning processes or the direct intervention of
human experts. Furthermore, the traditional approach hardly allows production and
assembly processes to be viewed across multiple subsystems.

Cognition and Learning Ability in the Control Technology Cognition enables
logical thinking about the relevance of the information acquired, allows planning
and learning processes to be devised based on individual experience and facilitates
intelligent decision-making as well as reliable and robust system behaviour (Beetz
et al. 2007). The processes of logical thinking, learning and decision-making can be
performed both on the basis of statistical data analysis and using the techniques of
artificial intelligence.

Russell defines weak artificial intelligence as machines behaving as though they
were thinking. In fact, they are not thinking, they are following a set of rules that can
be as complex as desired. If these rules can be extended and adapted independently
from the system during run time, then this is called machine learning (Russell and
Norvig 2003).
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Intelligent systems with the ability to learn are used in order to make decisions
about their actions independently. Here we see a direct reference to the autonomy
mentioned above. The better the decisions a system makes independently, the greater
the degree of autonomy.

One difficulty in implementing intelligent systems is the wide variety of actual
processes and process environments. This makes finding a solution highly complex.
In most cases, not only is the solution path of interest, but also the associated costs.
Variables, such as time duration, energy consumption, can be interpreted as costs
in this respect. For example, efficiently programming complex automated systems
is a major challenge. Only automatisms can drastically reduce programming effort.
Such automatisms make use of the tools of artificial intelligence to determine optimal
action plans, for example, or generate specific paths for robots. Using learning
techniques such as neural networks, the automatisms can be refined independently
of the system. Systems that able to achieve this to the full can presently only be found
in the highly specialised domains with a very limited scope. The field of artificial
intelligence remains an important research topic. Practical solutions designed to fulfil
the requirements described with respect to flexibility and autonomy are of particular
interest.

The means of cognition that an assembly system must possess for self-optimisation
may, in the simplest case, be based on experience and the process data acquired may
simply be statistically evaluated. In its most advanced state, however, cognition may
take forms of artificial intelligence that are able to not only evaluate experiences, but
also to make judgements and draw conclusions. In this respect, heuristics constitute
another basis for self-optimisation whereby alternative decisions are specified and
the system can chose between them.

Self-optimisation can be applied at various hierarchical levels within an assem-
bly system. Planning and system configuration represent the top level while the
lowest comprises the individual assembly processes such as joining a component.
Ideally, self-optimisation should include all levels, allowing the entire assembly pro-
cess to be adapted without human intervention. Should the boundary conditions or
objectives change, the system autonomously re-configures itself, uses other joining
technologies, measuring technology or handling units and changes the assembly and
alignment process. At lower levels, individual processes optimise themselves: initial
values for alignment tasks are adapted as the system learns in order to reach the
desired result faster, join parameters are optimised in order to minimise deformation
and misalignment and to allow faster assembly cycles. The changes made flow back
to the user as information and the knowledge gained is fed back into the development
process so that the necessary changes can be planned, assessed and implemented.
In this respect, cognition presupposes the existence of flexibly deployable sensors
which collect the necessary information, evaluate it and store it in a knowledge base
so that situation-dependent decisions can be made. These decisions are converted
within the system into corresponding control commands and fed back into the process
via various actuator components.
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Interim Conclusion The information above leads to the following understanding
of the concept of self-optimising, automated assembly cells:

» Self-optimisation must mean that commands at task level can be transferred to
the assembly cell control system either by the operator or by direct coupling to
central planning systems, disregarding concrete hardware and solutions;

* The cell control system takes over the planning responsibilities, i.e. it indepen-
dently breaks down the tasks into individual, device-related actions and generates
the associated program code;

* The execution of actions is monitored and necessary changes to the plan
are automatically implemented during run time (reactive/opportunistic/reflexive
planning);

» Knowledge (learning effects) is gained from execution of the actions and taken
into account in new planning operations (cognitive control).

From this it is possible to derive a variety of fields of research regarding reduc-
ing the production polylemma in assembly. The concepts and solution approaches
presented in the following section are based on the results of the research projects
“Self-optimising Flexible Assembly Systems” and ‘“Model-based Assembly Con-
trol” conducted by the Cluster of Excellence “Integrative Production Technology for
High-wage Countries” based at RWTH Aachen University. The work focuses on the
following aspects:

* Increasing the flexibility and mutability of assembly systems along the entire
process chain in order to improve efficiency and profitability when producing a
broad product mix with low unit numbers;

* Increasing the degree of automation in flexible assembly through innovative, ver-
satile assembly techniques and measuring equipment, by developing set-up and
change-over procedures that can be automated and by designing open, integrated
equipment control systems;

» Developing concepts for mapping and using planning systems and cognitive
structures in assembly systems for self-optimising automation;

» Improving system transparency throughout the product creation process through
systematic analysis of the dependencies within the process chain, from product
development to process design to manufacturing equipment development.

6.5.4.2 Flexible Assembly Cells for Self-optimising Production

The automated assembly of complex products or diverse product variants requires
conception of a flexible assembly system capable of continuously adapting to the pro-
duction parameters such as quality, time and costs (Fig. 6.84). In some cases, various
components and product variants can be assembled similarly, yet still have different
features and this requires a change in the assembly system behaviour. Accordingly,
the assembly system must demonstrate self-optimising behaviour by continually
monitoring its current state and independently adapting to the new circumstances.
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Fig. 6.84 Quality, time and costs as input parameters for self-optimising assembly

A highly flexible assembly system requires a completely modular equipment
design with standardised interfaces for integrating various handling, joining and
measuring technologies. Providing flexible assembly techniques in the form of
interchangeable modules and developing automated change-over and calibration
procedures as well as an open, integrated control system increases the degree of
automation of flexible assembly systems and thus enhances the productivity and
profitability of assembly. With respect to assembly control, solutions need to be de-
veloped to embed the decentralised control units of individual modules, especially
of cooperating robots, in one central control system. This supports flexible order
planning, thus delivering the prerequisite for self-optimising operation.

The following sections present solutions for designing a modular precision as-
sembly system along with flexible and configurable equipment control systems as
well as for automated planning of complex systems. The solution approaches focus
on the self-optimising assembly of miniaturised laser systems.

Modular Multi-robot Cells for Precision Assembly As described in Sect. 6.5.2, as
areas of assembly technology, micro and precision assembly are characterised by the
component dimensions and precision requirements involved. Both of these factors
play an important role when it comes to designing automation solutions for precision
assembly. They produce the following overall set of requirements and tasks:

* Manipulation of objects in the micro[pum] and meso[mm] range;

+ Setting up extremely precise spatial relationships between components (align-
ment);

» Sensor guidance of assembly processes;

* Monitoring and control of contact force;

» Execution of various physical and chemical processes (gluing, soldering, bonding,
etc.);

* Linking/hybridisation of alignment and joining process.

It is in essence possible to derive design guidelines for precision assembly systems
against the background of a high degree of product-specific operations and customer-
specific adaptations to a wide variety of applications (Siciliano and Khatib 2008):
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* Holism: a precision assembly system is composed of a wide variety of func-
tional units (robots, manipulators, cameras, sensors) and their interaction must be
considered integratively.

* Integrativity: although the handling technology in micro and precision assembly
presents particular challenges with respect to robots and grippers, integration of
the joining process is especially important for system design.

» Reconfigurability: as a basic requirement, reconfigurability can be achieved with
a consistent, modularised system design that supports automated module change-
over with respect to tools.

» Tolerance management: setting and complying with tolerances in the spatial re-
lationship between components is the decisive factor for designing an automated
system for precision assembly. One of the key aspects here is the purposeful
shortening of tolerance chains in the system through referencing and closing local
control loops. The precision that can be achieved then depends on the resolution
of the sensors used and the movement resolution of the positioning units.

Fully automating the laser system assembly places highest demands on precision,
but also on the flexibility and mutability of the assembly system. Hence, different
component-dependent handling and joining processes, on the one hand, and need-
based measuring and testing technologies, on the other, are used for building the
MicroSlab. In order to implement the resulting variety of assembly tasks in one
assembly cell, a modular system concept has been developed based on the use of
multiple cooperating robots with standardised interfaces for interchangeable tools.

The basic idea of the system concept is to maximise the flexibility and mutability
of an assembly cell by ensuring system modularity right down to tool level and
thus reducing the configuration and set-up effort for the various process steps to a
minimum.

During assembly, industrial robots take over positioning of the modular tools
in the working area. These tools are used for gripping, fine-positioning, joining or
measuring depending on the process step. For more complex assembly operations
whereby components are actively aligned and a joining operation is performed at
the same time or directly afterwards, several tools are used with three cooperating
industrial robots (Fig. 6.85).

Forjoining optical components, a novel resistance soldering process is used which,
based on the development of an automated joining module, can be transferred to a
robot-based soldering process (see Sect. 7.3).

Since the robots do not provide satisfactory precision and step sizes for aligning
certain optical components of the MicroSlab, an additional micromanipulator was
developed providing the necessary precision. In line with the concept of a modular
mounting head, this micromanipulator is designed for mobile use attached to con-
ventional industrial robots to compensate for their positioning errors and to perform
the subsequent high-precision alignment of components (Fig. 6.86).

This produces a seamless link between macro and micro working areas and there-
fore reduces the dichotomy, common in micro and precision assembly, between high
precision and large working areas.
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Fig. 6.86 Concept for integrating macro and micro working environments

Since the alignment of some components requires movement in all six degrees
of freedom, the micromanipulator is based on a hybrid kinematic concept which
meets these requirements while enabling the smallest increments in the micrometre
range. The concept involves a parallel-kinematic structure whereby the movable end
effector is connected to the frame via three struts of invariable length. The base points
of the struts are mounted so as to allow movement in two translational degrees of
freedom in the plane, resulting in six degrees of movement on the platform altogether.

All the passive joints of the kinematic structure are composed of special flexure-
based joints which offer superior properties compared with conventional notch or
leaf spring joints. Basically, with respect to the precision and movement resolution
of a system, flexure-based joints offer advantages in that there is no friction or play
and they are less susceptible to wear and tear. In theory, these advantages imply that
the accuracy of the movement of the platform is ultimately determined solely by the
movement behaviour of the drives, i.e. the smallest increment sizes correspond with
the computational resolution of the system.

In the context of the metrological characterisation of the mounting head, it was
possible to prove that the movement resolution of the drives can be transferred to the
platform via the elastic structure without losses. Interferometer measurements show
that the drive movements, including control oscillations in the single-digit nanometre
range, are transferred to the platform and can be measured there. Unidirectional
repeatability measurements with the same measuring setup yield a characteristic
value of: 0.15 um repeat accuracy (40 measurements with a standard deviation of
50 nm). The associated translational working area is approx. 4 mm x 4 mm x 4 mm
(Fig. 6.87).

A vacuum gripper is used for handling components. For a highly accurate and re-
producible grip, this gripper has multiple reference surfaces to which the components
automatically align themselves when they are vacuum gripped.

With respect to assembly control, solutions need to be developed within the context
of'the system concept that will allow decentralised control units of individual modules
of this type to be embedded in one central cell control system that supports hardware
configurability.
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Fig. 6.87 Micromanipulator based on flexure-based joints (wireframe graphics and working area)

Agent-Based Control of the Assembly System To achieve the afore-mentioned
flexibility, autonomy and cognition aspects desired in the assembly system, a con-
cept for integrating distributed hardware and software platforms using agent-based
technologies is used.

Modelling the control of an assembly system using an agent-based structure
aims at the optimal utilisation of the assembly resources (Russell and Norvig 2003;
Jennings et al. 1998). Although there are various definitions for the word “agent”
in the literature, it is generally understood that an agent “is an entity that perceives
its environment through sensors and can provide feedback to this environment by
means of actuators” (Russell and Norvig 2003). The agent autonomously seeks one
or more goals and usually remains in close contact with other agents in order to
achieve these goals. Before the agent decides for a particular action, it takes into
account its perception of the environment, its goals, its knowledge and its experience
(Fig. 6.88).

The development of software agents focuses on the decomposition of a problem
and the distribution of responsibilities to smaller, autonomous entities that follow

Agent

Environment Sensing

model
Goals

Capabiliies Behavior
Information
Kr

Fig. 6.88 Model of a
software agent
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certain principles, e.g. encapsulation, goal orientation, reactivity, autonomy, proac-
tivity, interaction, persistence, adaptivity and intelligence or ability to learn, in order
to accomplish their locally or globally distributed activities (Jennings et al. 1998;
Gohner et al. 2004).

Within flexible production environments, at least three positive factors are
introduced by using agent-based control structures (Brecher et al. 2009):

» The structure of an agent-based system allows an easy introduction of new agents
(software or hardware) to the system without needing to re-programme the control
logic;

» The application is based on a distributed system that allows the use of multiple
operating system platforms and ensures communication between different hard-
ware systems via a common medium according to a predefined communication
protocol;

» Cooperation or competition between the various agents is the main cause for the
desired operational autonomy of the production system.

The agents of a multi-agent system vary in terms of their abilities and responsibili-
ties. There is, however, no specific command hierarchy between the agents from a
functional point of view. In principle, all agents work on the same software level and
exchange relevant information and services in order to achieve their goals. Never-
theless, from an organisational point of view, in terms of modelling and designing
an agent-based assembly control structure, it is valuable and aids comprehension if
the agents have a specific hierarchy. The hierarchy highlights the level of difficulty
of implementation and the importance of the agent’s functionality. These aspects are
explained in the next section.

Agent-Based Control Structure of the Assembly System The self-optimising be-
haviour of the flexible assembly system can be divided into various levels or control
loops. Figure 6.84 shows the highest level of self-optimisation whereby a dynamic
strategy for laser assembly is derived directly from the production parameters of
quality, time and costs defined by the customer.

The following extreme scenarios better illustrate this idea:

» Assembly of a high-quality laser system: In this case, the criterion quality is set as
the highest priority while the time and costs of assembly are disregarded. Thus, the
assembly sequence is carefully planned and the most suitable optical components
as well as the most appropriate handling, positioning and joining processes are
carefully selected. All necessary quality characteristics of the laser are metrologi-
cally assured and the optical components featuring critical positioning tolerances
undergo active (in-process) alignment procedures;

» Fast assembly of an inexpensive laser system: By contrast, in this case the criteria
time and costs are set as the priority while the quality is disregarded. Hence, the
time allowed for planning the assembly, selecting the optical components and
for handling, positioning and/or joining is reduced. The metrological systems are
only used when necessary. To save on costs, fewer optical components are used
where possible as long as the laser system remains operational.
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Fig. 6.89 Agent-based control structure of the self-optimising assembly system

Other assembly scenarios can also be depicted by choosing other concurrent configu-
rations of the variables quality, time and costs. For the highest level of self-optimising
assembly to take effect, the small, inner self-optimising control loops of the system
must also be working. In this case, the black box element of assembly is conceived as a
multi-agent system, whereby the cooperative/competitive exchange process between
all agents involved creates the highest level of self-optimising system behaviour.
Within the control structure, some agents are involved in reduced work groups in
which smaller, self-optimising control loops operate. Figure 6.89 shows the overall
agent-based assembly control structure, which is distributed across various levels
(Brecher et al. 2009). Examples of tasks and agents that appear on different hierar-
chical structure levels of the system with different responsibilities and capabilities
are as follows:

» Coordination level: Here, a product agent has high-level responsibility for product
assembly planning. The desired production parameters quality, time and costs,
as specified by an operator or user of the system, are incorporated directly here
as input. Therefore, a strategy for assembling the product in accordance with the
currently available resources is dynamically devised and orders are forwarded
to the other lower-level agents in the control system. If no suitable strategy for
assembly can be found because the combinations of production parameters are
not viable, then a new, viable combination of parameters is suggested;

* Planning level: Here, several agents are responsible for optimised assembly plan-
ning based on the orders from the coordination level. Planner agents cooperatively
define which and how assembly tasks should be carried out, in order to ensure that
the expectations of the product agent are met. They translate the abstract assembly
goals defined by the product agent into new, smaller and more specific orders for
the task-level agents;
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» Task level: Here, several agents are responsible for the interface between planning
and working levels. Task agents translate the specific planned task orders into
hardware and software commands that are to be executed by the work agents.
They coordinate and assess whether the desired goals have been achieved after
the task has been executed;

» Working level: Here, several agents are responsible for controlling the hardware
and software modules (e.g. actuators and sensors). Some are also responsible for
managing and providing information about the current state of assembly and of
the product;

» Safety level: Safety agents are responsible for the integrity of the assembly work
as well as of the agent-based system itself and avoid dangerous situations.

From this description of the responsibility assigned to each level of the control
system, it is clear that the upper levels (task, planning and coordination levels) have
a more complex level of design and implementation. These agents are characterised
by intelligent capabilities (planning and coordination) and therefore need cognitive
means in order to weigh up their actions and safely and robustly accomplish their
tasks. The lower-level agents do not usually need these cognitive means and behave
reactively (receive order, execute) to complete their activities.

The organisation of the various agents as well as their communication within the
agent-based system is in accordance with FIPA? standards. Hence, FIPA-compatible
tools are used for modelling (FIPA AUML*) and implementation (JADE?) of the
system.

Top-Down and Bottom-up Approaches for Designing the Control Structure Based on
these preliminary considerations, the control structure of the system for assembling
the miniaturised laser was designed using a top-down approach. The behaviour of the
entire system and the relevant smaller, inner assembly control loops were derived
from the highest degree of self-optimisation via the coordination level. There are
already important, inner, self-optimising loops in the planning level (e.g. assembly
planning, path planning, test planning (Brecher et al. 2009)). Since the results gen-
erated during the assembly process do not always correspond with those that were
predicted in the planning phase, these planning activities must be adapted based on
the current state of assembly (Fig. 6.90).

Up to the planning level, the execution of agent activities is software-intensive
and based on simulation and classification methods. From the task level down, these
activities are closely related to the hardware control system, e.g. for component
handling, positioning, aligning and joining.

Although the conception and rough modelling of the control architecture of the
assembly system follows a top-down approach, the fine modelling and implemen-
tation of individual agents is developed using a bottom-up approach, because the
lower-level agents constitute the basis of the assembly work and are essential for

3 FIPA: Acronym for “Foundation for Intelligent Physical Agents” (http://www.fipa.org/).
4 AUML: Acronym for “Agent UML” (http://www.auml.org/).
5 JADE: Acronym for “Java Agent DEvelopment Framework” (http://jade.tilab.com/).
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Flexible assembly environment

with self-optimized individual
and/or collective agents’
behavior

' Management
System

Fig. 6.90 Agent-based organisation for self-optimising assembly. (According to FIPA standards)

the minimal functionality of the system. This also includes their lower behavioural
complexity in comparison with the planning agents.

The autonomy of the assembly system can only be achieved through the additional
intelligence of machines (intelligent agents), which have the ability to perceive their
environment using sensors and to process the obtained information in a goal-oriented
way for fulfilling their task. Accordingly, sensor integration, intelligent controls and
generic structures are essential for production systems of this type. On the basis
of such formal descriptions, planning and optimisation components can determine
action plans that are implemented by the control system or a management system
(Fig. 6.91).
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bottom-up approaches to the
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Agents for Dealing with Failure States The quality of the laser system depends not
only on the quality of the individual optical components, but also on their position-
ing and correct pairing. In this respect, alignment precision has to meet the highest
requirements (Lm range). Deviations in component properties lead to new dynamic
setpoint values for controling the assembly process. Hence, the entire assembly pro-
cess must be flexible and supported by measuring technology for assessing the state
of the system. Furthermore, the measuring technology should also be used for mon-
itoring the entire assembly process, and active alignment of the optical components
should be possible.

Depending on how the key performance indicator “quality” of assembly for a laser
variant is defined, different laser system assembly steps must be metrologically as-
sured. For a high-quality assembly, various laser characteristics have to be measured
and tested:

¢ Geometric characteristics;

* Presence/absence and identification of components;

* Compliance with positioning tolerances;

* Characterisation and dynamic selection of components;

* Active (in-process) alignment of components with critical positioning tolerances;
» Characterisation of the laser beam profile and laser output power;

* Identification and resolution of failure states.

A number of measuring methods are used and integrated into the robot cell or the
robots in order to ascertain the state of assembly (Fig. 6.92):

* robot-based, high-resolution image processing systems;
* acamera-based laser beam analysis system;

Robot-based Camera-based Force sensor for
machine vision system laser beam analysis system positioning

&

-

Camera-based
laser power system

Product sensors

Fig. 6.92 Optical measuring methods for ascertaining the state of assembly
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The combination of data of multiple sensors or even data acquired from a single sensor in different
time intervals for the improvement of the measurement uncertainty, robustness, time or also to allow

the complete measurement process.

Fusion levels Examples

3rd level (decision level)
Combined decisions

e.g. identification and resolution of
Failure States (expert system)

e.g. image correlation for a complete
laser baseplate image acquisition
(reference marks)

24 Jevel (information level)
Extracted object features

15t level (data level)
Raw data from sensors

e.g. filtering noise, different
illumination strategies

Challenge: scientific aspect of the decision level (cognition)

Fig. 6.93 Levels of the sensor data fusion strategy

» acamera-based laser power system; and
* electronic sensors for checking force, temperature and current.

Each sensor system is assigned a corresponding measurement and testing agent.
Agents of robot-based measurement systems must constantly cooperate with robot
agents to allow flexible measurement. The information gathered by the sensors
is analysed by processing agents and stored as general knowledge. The complete
state of the entire optical system can only be mapped by the fusion of data from
all the measurement systems (Russer and Leén 2007). Combining the data from
multiple sensors, or just the data gathered by a single sensor at different time inter-
vals, improves measurement accuracy, robustness and time, or actually makes the
measurement task possible.

The data gathered can be combined at three different levels (Brecher et al. 2009)
(Fig. 6.93). At levels 1 and 2 (the data and information levels), images and features
are combined to solve typical image processing problems. The capability of fault
tolerance (one of the major challenges of laser assembly) is located on the 3rd level
(the decision level). Fault-tolerant behaviour is coordinated and executed by an in-
telligent agent from the task level (failure states agent). The intelligence of this agent
is based on an expert system which manages a model (part of the knowledge) of the
laser assembly.

The aspects of cognition and decision-making ability of the failure states agent,
which are required for the system to be fault tolerant, will now be briefly discussed.

The Intelligent Failure States Agent The use of cognitive aspects in technical systems
focuses ensuring the capacity for intelligent decision-making. Modelling and imple-
menting such cognitive abilities is supported by knowledge-based systems. These
systems serve as the basis for knowledge representation as well as for inference and
learning abilities that are required for dynamic and adaptive systems.
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Compared with traditional programming approaches, knowledge-based systems
differ by strictly separating the knowledge representation from the knowledge
processing (Beierle and Kern-Isberner 2006). Hence, various knowledge-based ap-
proaches are based on a common core structure comprising a knowledge base for
storing the data and an inference component for knowledge processing. The knowl-
edge base can be created with various types of information which usually falls into
two different classes (Beierle and Kern-Isberner 2006):

* Case-based knowledge: This is the specific kind of knowledge that relates only
to the specific problem case. These are facts that exist because of observations or
experimentations;

* Rule-based knowledge: This is the core of the knowledge base and may contain
domain specific knowledge (theoretical knowledge or even practical knowledge)
and general knowledge (problem-solving heuristics, optimisation rules or even
knowledge about objects and relationships in the real world).

The failure states agent is supported by a special kind of knowledge-based system:
an expert system. The crucial characteristic that differentiates the expert system
from other knowledge-based systems is the origin of the knowledge contained in the
knowledge base. In an expert system, the knowledge comes from experts who have
a high degree of competence in the relevant field, both through appropriate training
and through extensive practical experience (Beierle and Kern-Isberner 2006).

The failure states agent has a lot of “if-then” rules within its rule-based knowl-
edge which depict a particular systematisation of the assembly of the laser system.
Different information about the assembly is stored this way, e.g. the different com-
ponents of the system, their setup and tolerances, the variety of metrological systems
for checking the conformity of assembly tasks as well as the hardware resources for
controlling and changing the system state. The intelligent agent requires further infor-
mation from planning agents as input so that the inference machine can be initiated.
The agent therefore obtains from the planning level a specific sequence or assembly
plan for the components as well as the predefined quality level of the laser system.
Thus, the agent can guarantee proactive and preventative intervention intermittently
with the assembly tasks, in order to always assure the state of the assembly.

The agent then coordinates the measurement and test operations and delegates
tasks to the metrological agents so as to support and assure the state of the assembly.
This means first identifying the failure states (clear deviation between the desired
and the actual assembly situation) by collecting and analysing metrological data.
This process runs via the rule-based expert knowledge of the agent. The resulting
state diagnosis (logic for deriving the failure state) can be presented by the agent in
a comprehensible and transparent manner via an explanation component. Next, the
causes of the failure need to be identified and interpreted. In some cases, additional
metrological investigations can be used to initiate measures to correct the failure. The
process of linking a failure with a solution usually applies the previous experiences
of case-based knowledge.

Figure 6.94 shows a typical failure that occurs at the start of laser assembly. In this
case, the pump beam is emitted from the diode laser, but instead of passing exactly
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Fig. 6.94 System for identification and resolution of failure states

through the laser crystal, it hits the crystal housing. This failure can be identified
by looking at a reflection pattern. At that moment, the diode laser and crystal or
crystal housing are already firmly mounted or joined onto the laser mounting plate.
A possible solution in this case is the dynamic selection of new optical components
which are placed between the diode laser and the crystal, in order to correct the path
of the pump beam. Planning agents run the dynamic selection of components as soon
as the failure states agent provides the measurement data for the current state.

Model-Based Assembly Control In today’s automation solutions, the knowledge
about a particular task or system and the “solution competence” as expert know-how
of the companies are usually inextricably intermingled. Corresponding subsystem-
specific implementations are neither flexible (with respect to changes in the boundary
conditions or objectives) nor transparent (with respect to global system behaviour)
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and thus offer no basis for self-optimising behaviour. Hence, separation into problem-
specific modelling and a generic control architecture is presented as the basic
scientific hypothesis.

With respect to self-optimising systems, it is still largely unheard of to have an
interdisciplinary system and process modelling that covers the entire life cycle of a
system ((Adelt et al. 2009) offer a concept geared mainly towards design). Hence,
it was a particular scientific challenge to develop a metamodel based on general
modelling languages, see for example (Brecher et al. 2007). The second scientific
challenge was to develop control architectures capable of creating goal-directed
behaviour based on the model information present, whereby current system states
are incorporated into further planning during run time. Approaches from the fields of
artificial intelligence, operations research or cognition that have been transferred into
production engineering to date have promised little if any success (some approaches
in production management engineering offer holonic production systems, cf. Schild
and Bussmann 2007; Kempf 2010).

Integrative Vision The integrative vision for self-optimisation is based on continu-
ous, model-based development, programming and implementation of self-optimising
production cells. In this respect, the aspect of self-optimisation implies the assembly
system’s capacity for autonomous, in-process adaptation of system behaviour based
on varying boundary conditions or objectives (Brecher et al. 2008b). If this takes
place in the context of an automated solution, such a system can in principle be
used for low-volume, multi-variant production processes as well as for producing
large unit numbers (reduction of scale/scope dilemma). By using a consistent model
description for the entire life cycle of a system, not only can engineering phases in
the application be shortened but, above all, they can also be synchronised across all
disciplines. In this respect, using the same model information for the runtime system
too allows, in principle, global goal attainment (reduction of plan/value-orientation
dilemma).

The potential offered by an integrative approach is obvious and will be demon-
strated using a real assembly process for a complex product. Of particular interest is
the possibility that the approach may be transferred to other systems and processes.

A self-optimising system that results from this will in the future be able to make
essential, process-related decisions during run time both autonomously and with
involvement of human experts and will be able to implement these decisions in
different subsystems of the system without jeopardising the global, product-related
goal variables (performance, costs). The specific goal of this subproject regarding
self-optimisation was to prove the innovation potential of this integrative approach
using the example of a realistic automated assembly process.

Results The problem of increasing individualisation and dynamisation of demand
on the part of the customer and the resultant need for assembly systems that can
be quickly and cost-effectively adapted to varying customer requirements and new
products was already extensively investigated during exploratory work at the Chair of
Machine Tools regarding operations control for flexible manufacturing systems with
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explicit focus on the shop floor level (Peters 2001; Possel-Délken 2006; Fayzullin
2010). Although there are similarities, there are also many differences between the
two domains of automated flexible assembly, on the one hand, and flexible man-
ufacturing on the other, as per the flexible manufacturing systems usually found
in industry. While, at shop floor level, the dependencies between the manufactur-
ing system components involved are temporally and spatially encapsulated and can
therefore be relatively easily organised and formalised in terms of function, at the
cell and control levels the system components involved are closely interlinked. The
assignment of functions to the individual components is not obvious here and can
in fact change dynamically depending on the specific product and the application. A
robot can, for example, be converted from a processing unit to a transport or handling
unit by changing the gripper. Furthermore, the degree of abstraction of a control task
varies: whilst at the shop floor level, clearly delineated work cycle elements, e.g.
transport of an object from location A to location B, are referred to as elementary
processes, a robot controller in an assembly cell can only run a linear interpolated
movement between any space coordinates. In the latter case, there is no reference
at all to the semantics of a process. When multiple robots are used in one assembly
cell, the working areas of the individual robots may overlap, adding the problems
of coordinate transformation and collision detection/avoidance. In terms of the de-
sired self-optimisation, the operational planning task in the shop floor level refers
to the allocation of the available degrees of freedom and the determination of an
optimal sequence for the individual operations of multiple parallel-dispatched work-
flows. Planning tasks in cell and control levels are often based on few or even just
one workflow instance which, however, has significantly more degrees of freedom.
Obviously, the problem of operational control is characterised at cell and control
levels by a large number of degrees of freedom, complex and not formally defined
semantics as well as significantly higher demands on response time.

The concept of a possible control hierarchy for a self-optimising assembly cell
includes a layer that is capable of optimally planning and controlling the assembly
procedure during run time (Schmitt et al. 2008). The state of the art for such su-
perordinate control systems is to date purely reactive, usually PLC (programmable
logic controller)-based, master control systems. As demonstrated for the shop floor
level, it is also assumed that the means for implementing a self-optimising system
at cell level are the formal declarative model-based description of the problem do-
main and the development of algorithms for evaluating these models, together with
implementation of the necessary optimisation runs and their execution during run
time. The findings resulting from the development of a model-based control system
for the automated assembly of the MicroSlab laser include four methodologies:

» Methodology for semantic modelling of flexible processes

* Methodology for model-based engineering of control systems

* Methodology for direct model execution (in contrast to imperative programming
or model-to-code transformation)

» Methodology for optimising and planning the processes using models
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These methodologies are described below.

Methodology for Semantic Modelling of Flexible Processes Different boundary
conditions prevail at each level of the automation pyramid despite the general self-
similarity of the control tasks. Quantitative characteristics vary dramatically from
level to level, e.g. with regard to the guaranteed response time or the potential diver-
sity of alternatives. Even in discrete manufacturing, processes continually running
at the lowest levels, such as movement guidance, also have to be taken into account.
In contrast, continuity at the higher levels of the automation pyramid is no longer
a binding constraint because it is encapsulated within the limits of the respective
manufacturing processes (Fayzullin 2010). The resultant diversity of variants at the
individual levels calls for different approaches for implementing self-optimisation,
taking into account the different boundary conditions.

The foundation for any process optimisation and planning is the formalisation of
the relationships within the production engineering domain by means of adequate
models. The need to create appropriate models also results from the demand for inex-
pensive and flexible development processes. In computer science, a new development
paradigm has become established in recent years: model-driven development (Kiihne
2005). In model-driven development, relationships within the specialist domain in
question are mapped in appropriate models. This allows the problem specification
to be separated from the implementation details. Furthermore, model-based devel-
opment allows new approaches to be used with respect to validating the proposed
solution (Fayzullin 2010).

A modelling approach for the semantic modelling of flexible process at shop floor
level has already been developed at the Laboratory for Machines Tools and Pro-
duction Engineering of RWTH Aachen University (Brecher et al. 2008a, c). Based
on object-oriented modelling, an abstraction layer was designed in the form of a
domain-specific language, which addresses the particularities of process descrip-
tions in a flexible manufacturing system. However, because of the specific problems
involved at cell control level, new modelling approaches and modelling input meth-
ods needed to be developed in order to engineer the model-based control systems.
The significantly higher frequency of events occurring at cell control level and the
associated need to map them leads to more detailed models and until now this re-
quired considerably increased effort in engineering the models. The purely graphical
modelling tools developed thus far allowed the higher levels of the automation pyra-
mid to be modelled with reasonable effort. For the cell control level, however, a new
approach was required that would allow the existing meta-meta-model to be reused
for faster engineering. The approach taken was to develop a modelling language that
allowed graphical modelling to be supplemented with more textual input options.

Methodology for Model-Based Engineering of Control Systems As mentioned
above, engineering model-based control systems is, to a considerable extent,
comprised of creating the necessary semantic models. Since modelling is very
time-intensive, it offers great potential for optimisation with a view to drastically
shortening the overall engineering phase for model-based control systems and thus
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taking into operation of a control system faster. One option is to use template tech-
niques. Templates can be used for modelling certain recurring parts of models.
Modelling effort is reduced because actions are no longer elementarily modelled,
instead submodels of specific, recurring processes, such as transporting a compo-
nent from location A to location B, can be inserted directly into the model. To this
end, a library of re-usable submodels was created. Another approach is the devel-
opment of a text-based modelling language that provides a domain-specific scope.
The limited scope of a domain-specific language offers the advantage of a shorter
learning curve. The additional option of entering all input for the submodels via
keyboard significantly reduces the modelling effort.

Methodology for Direct Model Execution The model-based approach is already
being used in control technology. However, the state of the art is the transformation
of the models created into rigid control logics processed by programmable logic
controllers (PLCs). A much more flexible approach is the interpretation and direct
execution of models because only this approach enables actions and processes to
be planned online (Brecher et al. 2007). The interpretation of models offers some
advantages over pure code generation. Change can be implemented faster because
adaptations only affect the model and there is no need for renewed compilation and
testing. The model is interpreted during run time and can in theory also be amended
during run time. The interpreter can also be implemented for other platforms (cloud)
and process the same models there.

Methodology for Optimising and Planning the Processes Using Models The duty
cycle of the model-based control system includes perceiving information about the
state of the assembly system, storing this information in the internal data model,
planning actions online using the internal model and executing the plans created
by triggering real actions. While these tasks are being processed, the model-based
control system can have read access to the information stored in the semantic model
regarding the types and instances of the system components and processes. If a state
change is registered by the model-based control system or if an internal schedule
changes, the control system modifies the content of the instances. The chronology
of the tasks taking place in the decision cycle of the model-based control system is
based on the preparatory work undertaken at the Laboratory for Machine Tools and
Production Engineering (WZL) of RWTH Aachen University (Brecher et al. 2008b).
However, unlike event processing at shop floor level, where querying the state of the
system components is time-discrete, the time-critical nature of the cell control level
requires a different approach.

Validation A flexible assembly cell was developed for the purpose of validating the
methodology developed (Fig. 6.95).

Since the assembly cell consists of three cooperating robots that can be equipped
with various grippers, tools or measuring instruments, a great deal of flexibility is
offered in terms of performing assembly operations. The challenge was to create a
close link between the system components at cell and control levels. As mentioned
previously, each system component can be assigned different functions which may
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be changed during the assembly process. Depending on the application or the product
to be assembled, a robot can be reconfigured from a transport robot, for example,
to a soldering robot merely by changing the gripper. This means the semantics
of each element may change within the elementary processes compared with the
superordinate process.

6.5.4.3 Integrative Product and Process Design

In assembly, products with defined functions are manufactured from a range of
components or sub-assemblies. As part of this process, complex products have to be
not only joined, but also put into operation, checked and aligned. In assembly, these
steps are closely interlinked. Since assembly is usually at the end of the company’s
value-adding chain, it is the key to ensuring that product features are implemented at
the desired quality level. It represents the last opportunity to influence features and
their characteristics.

When planning an assembly system, the product to be assembled is usually taken
as the starting point for deliberations. Taking this into account, first a rough process
chain is created. Then the production equipment to be used in each process is selected
based on that chain.

Given the objectives, some of which are fixed, with respect to quality and output
quantity and in view of the goal of cost-optimal production, however, a strict unidi-
rectional procedure would not make sense. There are mutual dependencies between
product, process and production equipment that must be taken into consideration.
Hence, the assemblability of a product should be taken into account during its design
and development.

By integrating product and process design at an early stage, cost-intensive and
time-consuming iterations can be reduced through integrative consideration of prod-
uct, process and production equipment. Restrictions arising from the assembly
process or the production equipment can therefore be taken into account during
product design. This makes it possible to avoid costly changes to the product after
ramp-up. Likewise, this avoids potential subsequent adjustments of the specified
assembly process and the production equipment acquired.

With flexible assembly systems in particular, the process must be designed to
be robust so that the system can be returned to operation quickly following a
reconfiguration. This makes it possible to automate small series economically too.

A key factor for success in this respect is to collaborate with the company divisions
involved, especially in the early planning stages. Traditional organisational structures
with rigid, self-contained departments often have an entirely departmentalised way of
thinking which causes significant friction losses in intersectoral cooperation. In this
case, the departments usually only consider the part of the value-adding process that
they are directly entrusted with. With the focus on departmental cost objectives, the
individual departments tend to keep their areas of responsibility as small as possible
and thus always choose the problem solution variant that is the least expensive. The
aim of efficient business organisation, however, is to reach the overall optimum,
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which in general cannot be achieved with localised optimisation measures. In fact,
a procedure that is particularly inexpensive from one department’s point of view
can often lead to increased costs in the downstream business divisions. Accordingly,
the best approach in terms of optimising production company-wide is to ensure
the individual departments are closely interlinked or to even completely eliminate
rigid departmental boundaries (Fig. 6.96). This facilitates, amongst other things, the
integrativity of product design and production planning.

Due to the restrictions caused by the product, process and production equipment
and due to economic influences, planning is becoming very complex, especially
where flexible and adaptable assembly systems are concerned. In this respect, meth-
ods have been developed to assist the user in the design of flexible assembly systems.
These methods can be assigned to the various stages of assembly system planning
(Fig. 6.97).

Methodology for Product Analysis In assembly, to provide the required product
features at the desired quality level, functional tolerances are defined during product
design. Tolerance zones have to be defined because in no technical process can the
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target value of a property be achieved exactly and consistently (Trumpold et al.
1997). The objective of establishing tolerances is to find a compromise between the
functionality of a component and the manufacturing costs. In this respect, the focus
is often on the production of individual components and the features structure of the
end product.

Often, products are designed which, due to their tolerances, can only be produced
using the most complex assembly processes and the associated cost-intensive pro-
duction equipment. Furthermore it is commonplace for assembly processes to be
planned that only meet the required tolerances after the most laborious adaptation.
To prevent this, it is essential that the tolerance problems are taken into account at an
early stage in the product creation process. However, because of the large numbers
involved, explicit consideration and control of all specified tolerances for complex
products, e.g. the miniaturised solid-state laser, is unreasonable from an economic
point of view and is often impossible from a technical point of view (Thornton 2004).

To facilitate early and efficient assembly planning despite the above challenge,
the tolerances to be taken into account during planning are derived from the cus-
tomer’s requirements, which determine the product requirements. Whilst deriving
this information, a fundamental understanding of the product is generated, which is
essential for developing an efficient assembly process.

The tolerances to be taken into account are identified using the key characteristics
method introduced in the 1980s in the USA and continuously further developed since
then within the framework of scientific publications (Whitney 2004; Merget 2004;
Miiller et al. 2009a).

The term key characteristic (KC) refers to a quantifiable feature of a product, an
assembly, an individual part or a process whose expected variation from the target
value has an unacceptable impact on the costs, performance, quality (as perceived
by the customer) or safety of a product (Merget 2004). Hence, to avoid such impact,
KC variations must be limited by tolerances and these must be explicitly taken into
account during assembly planning.

An essential element of the KC method is the key characteristic flowdown which
shows the relationships between customer requirements and the KCs of individual
parts (Merget 2004). In creating the KC flowdown according to the top-down ap-
proach, the customer requirements can be broken down into the KCs of the individual
parts (Miiller et al. 2009a). The tolerances to be taken into account can then be derived
from the KCs of these parts (Merget 2004).

For a marking laser (see Sect. 7.3), beam quality, for example, is a customer
requirement for marking on surfaces. The beam is influenced by the arrangement
of the lenses and the crystal. For high beam quality, the beam must hit the centre
point of the crystal exactly. To do this, the lenses must be aligned with the crystal
(Fig. 6.98). Based on this, it is possible to define the functional tolerances that will
ensure the beam offers the required quality.

Based on these functional tolerances, it is possible to derive the assembly sequence
as well as the possible joining and handling technologies.

Methodology for Assembly-oriented Product Design Assembly processes and
equipment are influenced significantly by the product design. Assembly-oriented
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and handling-oriented product design is therefore always at the centre of the de-
velopment process. The relevant literature contains a large number of guidelines to
support the designer in this work. These guidelines provide a very good basis and
offer valuable advice regarding assembly-oriented design. Due to the diversity and
scope of the guidelines, however, it is seldom possible to fully incorporate all the
recommendations.

When designing products, the restrictions caused by the process always have
to be taken into account. Accordingly, it is technically impossible to, for example,
assemble components with arbitrary precision. Hence, it makes sense to tailor product
design to the assembly process.

Figure 6.99 shows an example of a conventional laser. Each lens is fixed in a
separate carrier. The carriers have various settings as required for aligning and setting
the beam. Especially for a complex product like the laser, whereby the interactions
between the lenses, in particular, affects beam quality, alignment is very laborious
and can only be performed by highly skilled and experienced personnel.

Necessary adjustments for the alignment of a laser

Fig. 6.99 Construction of a
conventional laser
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With assembly-oriented product design, the product can be modified so that it
can be joined and aligned in an automated precision assembly process. In this case,
the laser was designed so that the lenses could be joined from above using a robot.
The new rectangular design of the lenses helps reduce the degrees of freedom of
component positioning and orientation compared with the previous circular design.
The lenses are joined to the motherboard by means of a soldering process. This
allows the parts to be aligned during assembly whilst in the solder bath. When the
solder cools, the lenses remain in the set position and orientation.

Furthermore, the laser was designed according to the so-called nest assembly, i.e.
the individual parts or assemblies are arranged to a large extent side by side, as with
an electronic circuit board for example (Lotter 2006). The order of installation is
freely selectable. This results in a large number of acceptable process variants and
optimisation approaches through variation of the assembly sequence.

Methodology for Process Analysis Process analysis considers the individual
boundary conditions and objectives in the process. For the assembly process to
be implemented, the functional tolerances must be maintained during assembly. The
influences of the components and the production equipment on assembly tolerance
must be identified in order to allow economic design of the production equipment.
The aim is to compile the system so as to meet specific needs because excessive
demands on the production equipment are usually associated with higher costs.

The tolerance analysis can be used in the production equipment design process.
This analysis makes it possible to determine the assembly tolerance as a function
of the production equipment. In this respect, possible sequencing options for the
individual assembly steps are identified. In each of these steps two parts are assembled
to form one assembly. These alternative sequences are then analysed to determine
which of them make it possible to maintain the specified tolerances. The tolerance
chain is visualised to facilitate identification and analysis of the sequencing options.

This step of the standardised approach includes, amongst other things, working
out which assembly equipment and joining procedures can be used to assemble the
individual parts. In addition, any component-induced or process-induced deviations
arising during assembly are also revealed. To what extent these deviations need to
be changed in order to efficiently meet the specified tolerances is also investigated.
At the same time, implementation options for changing the deviations also have to
be determined.

To help identify these options, the deviations that arise during each assembly step
alternative are visualised in a graphical model (Fig. 6.100).

The nodes of the graph symbolise the characteristics of the assembly system (e.g.
workpiece carrier stop). The edges of the graph describe the geometric deviations
between the characteristics (e.g. the deviation in distance between the workpiece
carrier stop and the edge of the laser mounting plate). This method of illustrating
deviations is based on visualisation of the dimensional chains, the tolerance chains,
the liaison diagram and the datum flow chain (Miiller et al. 2009a). Since the graph
visualises the greatest possible deviations between the actual and target variables and
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Fig. 6.100 Tolerance chain of laser assembly step alternatives

these determine the tolerances that can be satisfied, the graph is also referred to as a
tolerance chain.

The deviation in distance between the crystal and the lens in the tolerance chain of
the MicroSlab laser (Fig. 6.98) must be explicitly taken into account during assembly
planning to ensure the laser can perform (i.e. this concerns a KC). The remaining el-
ements of the tolerance chain symbolise the deviations that arise during the assembly
step alternative in question and cause the deviation in distance between the crystal
and the lens.

Methodology for System Optimisation The methods presented in Fig. 6.101 can
be used in order create more efficient or shorter tolerance chains.

In the first method, the length of the tolerance chain is reduced by shortening one
or more elements (Fig. 6.101, no. 1). So, in the tolerance chain from Fig. 6.100, for
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example, one element can be shortened by using a robot with greater positioning
accuracy. However, this is usually associated with higher costs.

Another method for shortening the tolerance chain is to reduce the number of
chain links (Fig. 6.101, no. 2). Hence in the tolerance chain visualised in Fig. 6.100,
the number of elements can be reduced by measuring the position of the lens with
respect to the crystal because in doing so, the functionally relevant characteristic
itself would be measured (distance between the lens and the crystal). Consequently,
the repeat accuracy of the robot, for example, would no longer have any impact on
the deviation in distance between the crystal and the lens.

To increase the efficiency of implementation of the tolerances while complying
with the overall criterion of the tolerance chain (i.e. the specified tolerance), re-
ciprocally changing individual elements can also be effective (Fig. 6.101, no. 3).
This is the case, when, for example, shortening one element is associated with rela-
tively low costs while lengthening another is associated with relatively high savings.
Hence, instead of an articulated arm robot, a simple handling device could be used
in conjunction with a fine-positioner. That way, the handling device puts the fine-
positioner within the range required to join a lens. As already shown in Fig. 6.101, no.
2, the inaccuracies of the handling device are compensated by additional measuring
technology.

Simultaneous application of the three methods specified shortens and/or increases
the efficiency of the tolerance chain (Fig. 6.101, no. 4). These explanations clearly
show that by examining the tolerance chain, it is possible to identify ways of shorten-
ing it and to uncover potential for making tolerance implementation more efficient.
This potential is uncovered mainly through modelling and therefore focussing on the
deviations and tolerances. The three methods of system optimisation are presented
in detail below.

System Optimisation by Shortening Individual Elements The flexibility required for
self-optimising assembly is usually achieved through robot systems. In this connec-
tion, storing a model of the robot and its environment in the control system allows
robot programs to be automatically adapted when parts or processes are changed. The
precision of execution of the new instructions is primarily determined by the model’s
consistency with the actual assembly system. However, significant deviations due to
production tolerances mainly occur when nominal robot geometry is used to create
the model (Elatta et al. 2004).

Within the context of self-optimisation, the assembly tolerances specified must
be met without additional and complex automatable corrective measures, which
is why highly accurate models are required. In this respect, through integrative
system identification, it is possible to determine the relevant model parameters for
the assembly system extremely accurately and thus significantly reduce the gap
between simulation and reality. The following diagram (Fig. 6.102) illustrates the
basic system identification process (Miiller et al. 2010).

First, a nominal model is created for the assembly system. For the purpose of
analysis and identification, the entire system is broken down into subsystems. The pa-
rameters of each subsystem are identified using established, state-of-the-art methods.
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Fig. 6.102 System identification procedure

To this end, internal and external measuring systems are used to collect the data re-
quired to calculate the characteristic parameters needed to describe the model. Next,
the control system and simulation environment are adapted accordingly. Finally,
further measurements are taken to verify the model identified.

The first step of the procedure is to model the assembly cell using a parametrisable
model. Based on the CAD data, the models are represented in a graphical simulation
environment. For a complete model, not only the handling devices are included
but also the product to be assembled, the necessary production equipment and the
collision bodies (fencing, equipment housings, etc.). Next, all objects in the cell are
provided with coordinate systems.

In offline programming, system behaviour must be precisely mapped in order to
minimise the adaptation effort required in the actual cell. Complete and error-free
mapping of the assembly system in a model, however, is impossible because some
errors are of a stochastic nature and therefore cannot be explicitly modelled. On the
other hand, not every single influence that can possibly be mapped has to be included
in the model because identifying the model parameters based on the real system can
be extremely laborious. In many cases involving robots, only the exact kinematic
parameters are determined while the dynamic effects are disregarded because this
simple calibration leads to a substantial and more than adequate improvement in
accuracy.

The model to be identified must not contain uninfluential or linearly dependent
parameters. In describing the robot using Denavit-Hartenberg parameters (DH pa-
rameters), some parameters may be interdependent. With a vertical articulated arm
robot, for example, the movement parameters of the second and third axis are inter-
dependent. Hence, for identification, one of the two movement parameters is fixed
and not available for optimisation. Also, it is necessary to ensure that only those
parameters that affect performance are made available for optimisation. If it is just
the position that is determined with the measuring system, then parameters that only
affect TCP (tool centre point) orientation cannot be identified because they cannot
be monitored using the measuring system.

To allow numerical optimisation, it is important to use a reduced and non-
redundant model. If this criterion of minimalism is not met, the system of equations
cannot be solved explicitly. To be able to minimise the subsequent positional error
between the model and the actual kinematics, therefore, a regular system of equations
must be created for parameter identification. Then the parameters can be identified
in the next step.
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A numerical optimisation function is used to identify the parameters (see
Fig. 6.103). To this end, the robot’s TCP is measured for a particular set of joint angle
combinations using an external measuring system. The TCP poses corresponding to
these poses are calculated using a parameterised and non-redundant model. Based
on the measured and calculated poses, an error function can be set up for each joint
angle combination.

Using the least error squares method, the available model parameters are purposely
changed until the positional errors for all joint angle combinations reach a particular
termination criterion.

In addition to determining the exact model parameters, the kinematic parameters
of the production equipment must also be identified. To this end, using an external
measuring system, numerous significant edges, surfaces or points of the body are
sampled in a reference coordinate system. By determining these characteristics, the
body’s own coordinate systems can be identified.

The final steps of the process are compensation and verification. In order for
the identified model to be used, both the cell control system and the simulation
environment have to be adapted. Problems can arise, especially with respect to
adapting the robot controls, because not every control manufacturer provides the
option for the user to adapt the relevant parameters. This is due to the fact that with the
reverse transformations implemented, simplifications were made. Should the model
deviate from these values, the stored reverse transformation can no longer be used and
another way to adapt the control system must be found. This can be achieved by means
of an upstream algorithm for specifying the Cartesian coordinates. In this respect, the
target coordinates from path planning are converted into joint coordinates using the
calibrated reverse transformation. With the nominal model used for the robot control
system, the joint coordinates can be converted into Cartesian target coordinates. The
manipulated Cartesian coordinates are then converted into the target coordinates by
the robot control system and the actual kinematics (see Fig. 6.104) (Wiest 2001).

Once the models have been adapted in the simulation and to the control system, the
result has to be validated. This step is essential, especially for numerically generated
analogous models since these models have only been optimised for a specific working
area.
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This approach to system identification makes it possible to improve the accu-
racy of models for robots and assembly systems and thus significantly shorten the
corresponding tolerance chain.

System Optimisation by Eliminating Individual Elements The accuracy achieved
by determining the exact kinematic parameters is sufficient for many applications,
e.g. pick-and-place tasks. However, the accuracy usually remains insufficient for
precision applications. Hence in many cases, additional measuring technology and
sensors are used in order to improve the accuracy.

Figure 6.105 presents an example of camera-supported lens positioning. One robot
holds a camera that is pointing towards the base plate. Another robot independently
brings the lens to be mounted into the camera’s image area. By measuring the base
plate and the component, the camera incrementally guides the robot into the right
joining position. This serves to eliminate many effects of the tolerance chain, e.g.
the positioning accuracy of the robot.

6.5.5 Outlook

The theoretical foundations of self-optimising assembly systems presented in this
paper are investigated and demonstrated with respect to various aspects based on the
fully automated assembly of a miniaturised solid-state laser.

Fig. 6.105 Inline measuring
technology for improving
positional accuracy
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Towards the vision of autonomous, self-optimising assembly systems, it is impor-
tant to continue building on these results especially in the field of automated planning
at cell and control levels. Due to the specific characteristics of multi-robot systems in
particular, transferring the shop floor engineering solutions of flexible manufacturing
systems to flexible assembly cells is only possible to a limited extent and requires
new approaches. Through greater integration of system components at the lower
control levels and through the configurability of components (mobile units, modular
tools and sensors), functions and capabilities cannot often be assigned clearly and
therefore considerably increase the degrees of freedom of planning activities.

When several robots are used in one assembly cell, the working areas of the
individual robots may overlap, which is why additional aspects of coordinate trans-
formation as well as collision detection and avoidance are added. Also, besides a
large number of degrees of freedom plus complex and not formally defined seman-
tics, the problem of assembly control is characterised at cell and control levels by
significantly higher demands on response time, too. Only with appropriate real-time
control solutions for modular, distributed systems along with new description models
and planners for configurable and cooperative capabilities can the next step towards
continuous self-optimisation in automated production be taken.

6.6 Self-optimising Assembly Systems Based
on Cognitive Technologies

Marcel Ph. Mayer, Barbara Odenthal, Daniel Ewert, Tobias Kempf, Daniel Behnen,
Christian Biischer, Sinem Kuz, Simon Miiller, Eckart Hauck, Bernhard Kausch,
Daniel Schilberg, Werner Herfs, Christopher M. Schlick, Sabina Jeschke and
Christian Brecher

6.6.1 Abstract

Like business and production processes, entire production systems are often based
on hypotheses that only provide a partial view of the value-adding chain or result in
specific technological interactions. We rarely fully understand the way that processes,
materials, production resources and humans interact or how this affects the product
itself. It is impossible to predict how changes will impact on value creation as a
whole. Because it is so difficult to gain an integrated view, optimisation processes
often only focus on individual elements of a system. Existing ways of optimising
the behaviour of a single element can become the focus of too much attention and
can tie up resources even though, in certain situations, doing so can have a negative
impact on behaviour in other areas of the system.

The solution to this conflict lies in designing a system that can adapt its goals
according to the situation. While most system optimisation processes happen
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externally—i.e. a human controls them—having the system itself perform them can
be an interesting option in many cases. However, developments in automation show
that, even in comparatively simple situations, we still have work to do to achieve this
goal. This means that humans often still play an important role in system optimisa-
tion. Implementing self-optimising capabilities offers great potential for resolving
issues associated with planning efficiency.

Using cognitive functions as a basis, it is possible to take parts of the original
range of tasks—Ilike detailed algorithmic planning of an assembly process, and rule-
based re-planning and adaptation planning—and transfer these from humans to the
machines themselves. The first step in achieving this involves designing and devel-
oping a software architecture that is capable of fulfilling the specific requirements
of a cognitive system, such as independently planning actions and executing them.
This architecture is based on a three-layer model that is expanded to include modules
for knowledge representation and human-machine interaction. The deliberative part
of this architecture—the planning layer—is where the actual planning and decision-
making happens, through targeted linking of production rules. A hybrid approach is
used to achieve a flow-oriented, error-free assembly of randomly fed-in components.
The approach combines traditional planning processes (an “offline planner”) with
reactive cognitive control (an “online planner”). Prior to execution, the machine’s
offline planner calculates the complex geometric analysis steps for assembly plan-
ning. This involves an assembly-by-disassembly strategy, which identifies all the
assembly steps necessary to bring together individual components into a finished
product. To do so, all possible pairs of subsets of components are disassembled and
checked to establish whether this can be done collision-free. This process is repeated
until the product has been completely disassembled. Because an assembly action
can reverse every disassembly action, read backwards the disassembly steps produce
all possible assembly steps. The results of this preliminary analysis are recorded as
a state graph. The edges in the graph are weighted with cost values for the differ-
ent work steps and also show information on any additional components needed.
Weightings for the different interim states are also assigned to the nodes in the graph.

The online planner can evaluate this information during assembly to derive a suit-
able assembly sequence for the current production situation and a given target system.
This involves updating the state graph on the basis of the available components and
the current state of the partially assembled product. Next, the A* algorithm is used
to calculate the best route from the current state to the target state (the end product).
Under the prevailing boundary conditions, this path represents the optimal assem-
bly sequence. The next work step involves investigating the assembly sequence to
identify possible parallelisable assembly actions. The parallelisable actions are then
combined in such a way that the assembly plan is made up of a sequence of sets
of assembly actions that can be executed at the same time. This plan is then passed
on to the decision-making component—a cognitive control unit (CCU) based on
SOAR cognitive architecture—where it serves as a basis for decisions. The CCU
checks the current situation in cycles and initiates appropriate actions. Under nor-
mal circumstances, from the set of parallelisable actions to be executed next, the
CCU randomly selects an action and implements it. In unforeseen situations, either
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re-planning is initiated or the human operator is requested to solve the problem. This
process continues in cycles until the desired product has been fully assembled.

A robot-supported assembly cell is presented to validate the system. In addition
to covering all key aspects of an industrial application (relevance), the cell can easily
illustrate the function and flexibility of a CCU (transparency). The assembly cell
has a conveyor-belt system, which is used to feed in components. There are two
jointed-arm robots, of which only one is initially connected to the CCU. This robot
can be moved along a linear axis and, in addition to having a flexible multi-finger
gripper, is equipped with a colour camera to identify components. The second robot
separately feeds in components on a conveyer belt. In the centre of the assembly cell
there is a surface that can be used as a workspace and as interim storage for parts that
cannot be used immediately. The human operator’s workspace is currently located
directly next to the surface, separated by an optical safety barrier. The workspace
has a human-machine interface that can be either stationary or mobile. By displaying
process information in an ergonomic way, the interface provides details on the system
status and can, if necessary, help human operators to interactively identify and resolve
process errors.

To enable humans to safely and effectively manage and monitor the process,
machine-made decisions (e.g. on establishing the assembly sequence) must be pre-
sented quickly and in a way that is easy to understand and will ensure reliable
implementation. Furthermore, the assembly sequence must be planned in a way that
conforms to human expectations. With this in mind, a concept was developed that en-
ables system behaviour to adapt to operators’ expectations by using a human-centred
process logic based on the MTM-1 system. This concept was validated using the
assembly cell. Two series of experiments under laboratory conditions sought to es-
tablish whether humans followed certain easy-to-generalise strategies when carrying
out an assembly task. The experiments identified and validated three assembly strate-
gies as rules: (1) People begin assembling from edge positions; (2) People prefer to
assemble adjacent to existing objects; (3) People prefer to assemble in layers. A spe-
cially developed simulation environment shows to what extent taking the identified
assembly strategies into account as production rules within the knowledge base of
the CCU makes it easier to predict the actions of the controlled assembly robot, and
to what degree the rules can be generalised.

The presentation of results concludes with a lab study designed to investigate
visually presenting information to humans. The starting point was the following
scenario: a robot plans the workflow for a production task previously defined by a
human operator and then carries it out. However, an error occurs during processing.
Because the cognitively automated system is unable to identify the error itself, the
human operator must be put in a position to quickly and safely identify and resolve the
error. The study compared different ways of displaying the information, in order to
find the fastest and most reliable one for interactive error identification. A subsequent
comparison looked at the differences between a TFT screen in a workroom and a
head-mounted stereoscopic display. The results showed that a display fitted over the
field of view improved error detection rates.

The research results made it possible, for the first time ever, to achieve an in-
tegrated demonstration of, and carry out scientific investigation into, the design,
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development and application of cognitive mechanisms in automation using a robot-
supported assembly cell to control them. The work also identified the need for
further research into whether the results can be transferred to products widely used
in industry, and to the ergonomic design of human-machine cooperation.

The cognitive automation of production systems offers a technology that, with
the same or even less planning effort, can efficiently and robustly automate product
families with large numbers of variants—even in cases where only small numbers
of each variant are produced. This effectively makes customer-oriented mass pro-
duction possible. Cognitive mechanisms in automation offer high-wage countries in
particular the chance to achieve considerable competitive advantages, and thereby
to directly contribute to securing and expanding their own production locations.

6.6.2 State of the Art

Autonomous production cells can be considered the predecessors of cognitively au-
tomated production systems. They are mainly characterised by physical process
models integrated directly into the machine control system and by machine operation
and monitoring based on these models. Safe, effective human-machine interaction
means that even complex handling processes can be carried out error-free over an
extended period of time, and that the work system can be operated at the optimum
level in terms of performance and operational requirements (Schlick 1999; Pfeifer
and Schmitt 2006). However, automated production cells only have limited self-
optimising planning functions; these functions are crucial to the concept of cognitive
automation. The work of Onken and Schulte (2010) built on these functions and
helped to shape the concept of cognitive automation and introduce it to the scientific
community. But the original concept focuses heavily on using the technology in
unmanned vehicles and is therefore only partially applicable to production systems.
Although the corresponding concept of the “cognitive factory” (Zaeh et al. 2009)
shows that cognitive mechanisms can be successfully integrated into manufacturing
systems, the overriding subject of automation using cognitive models that incorpo-
rate the “human factor” for machine operation and monitoring has remained largely
unexplored.

To present the current status of research into cognitive automation in production
with a view to application in assembly contexts, we must look at a number of different
aspects. In view of the research results presented in Sect. 6.6, what follows will
focus on four central aspects: (1) Software architectures for cognitive systems; (2)
Planning assembly sequences with formal methods; (3) Industrial automation; (4)
Task allocation between humans and machines.

6.6.2.1 Software Architectures for Cognitive Systems

With regard to designing and developing automated robotic systems, numerous ar-
chitectures have been proposed as basic structures for simulating cognitive functions
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(Karim et al. 2006; Gat 1998). These software architectures combine a deliberative
part for the actual planning process (planning level) with a reactive part for direct
control (action level). A widely used approach here is the three-layer model that com-
prises cognitive, associative and reactive control layers (Russell and Norvig 2003;
Paetzold 2006). The lowest layer (reactive) contains the components that control
information processing, and is designed to influence system behaviour in such a way
as to ensure that the required reference variables are achieved quickly and accurately.
The associative layer monitors and controls the system. The majority of rule-based
auxiliary functions for automation—Iike process control, monitoring processes and
emergency processes, and adaptation routines for improving system behaviour—
are all embedded here. In this top layer, the system can apply “reflexive” methods
(e.g. planning and learning processes, model-oriented optimisation processes and
knowledge-based systems) to use knowledge about itself and its environment to im-
prove its own behaviour. The focus here is on the system’s cognitive ability to carry
out self-optimisation.

The software architecture used in Collaborative Research Centre (CRC) 614—
“Self-optimizing concepts and structures in mechanical engineering”—picks up on
this model (Gausemeier et al. 2009a, b). The Cognitive Controller from the Technis-
che Universitit Miinchen is also based on a multilayer model. The signals from the
production system in question are prepared and processed by a standard controller
and by a cognitive safety controller. Additional general studies of cognitive systems
can be found in Onken and Schulte (2010) and, regarding the production environ-
ment in particular, in Ding et al. (2008). The latter focuses on implementing cognitive
capabilities in security systems for plant control. As such, the study pays particular
attention to safety in human-machine interaction and to safety in the workplace.

Complementary concepts and methods can be found for automobiles and air and
space travel (Kammel et al. 2008; Putzer 2004). Particularly noteworthy here are the
various architectures used by the winning teams in the DARPA Grand Challenge,
a competition for driverless ground vehicles. These architectures provide regular
insight into the latest research (Thrun et al. 2006; Kammel et al. 2008). Many of
the architectures are modelled on a “relaxed layered system”. In this system, every
layer can use the services of the layers below. This makes the system more flexible
and efficient by ensuring that every layer is fully supplied with information (Urmson
et al. 2008).

This shows that modified architecture models are used to configure and develop
cognitive systems. We can see that the most-used approach involves combining the
multilayer model with other models. The final architecture must therefore be adapted
to the specific application to ensure the highest level of system performance.

6.6.2.2 Planning Assembly Sequences using Formal Methods

“Planners” play a major role in cognitive systems. There are numerous formal ap-
proaches to solving planning tasks in different fields of application. Hoffmann (2001)
developed the Fast-Forward Planner, which is capable of deriving actions for given
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problems in deterministic operational areas. By contrast, other planners can handle
uncertainty (Hoffmann and Brafmann 2005; Castellini et al. 2001). All the planners
mentioned are based on a symbolic knowledge representation. In the case of as-
sembly planning, which requires the geometric relationship between conditions and
their transitions to be adequately represented, this kind of knowledge representation
becomes extremely complex, even for simple tasks. As a result, generic planners fail
when it comes to calculating assembly sequences with even a short-term planning
horizon.

Other planners have been specially designed for assembly planning. They work
directly with geometric information to derive action sequences. A popular approach
is the Archimedes system (Kaufman et al. 1996), which uses and/or graphs for
formal representation, and the assembly-by-disassembly strategy to dismantle the
end product into its individual components. Thomas (2008) picks up on this concept
and develops it in such a way that the system requires no additional help from the
user to deduce all possible disassembly steps for the end product—as was the case
with the Archimedes system. Thomas only uses geometric information about the end
product and the components it contains. This approach, however, is not capable of
dealing with “uncertain” planning data. We can find another approach in the assembly
planner developed by Zaeh and Wiesbeck (2008), which calculates action sequences
almost independently. However, it is not designed to control a technical system, but
as a support system for manual assembly. This means that the decision to carry out
the sequence is made by a person, not a machine.

6.6.2.3 Industrial Automation

Industrial automation comprises many different controllers which, by working to-
gether, enable production plants to function. The components of an automation
system used in production are usually assigned to different levels (DIN EN 62264
2008). The lowest level houses the sensors and actuators used to detect and change
the state of a production plant. Sensors and actuators are linked, either directly or via
fieldbuses, to device controllers. Depending on the machine type to be controlled, in
manufacturing technology either a programmable logic controller (PLC), numerical
control (NC), robotic control (RC) or motion control (MC) will be used. Each ma-
chine can then be controlled by one device controller or more. Groups of machines
are combined to form cells, which are coordinated using device controllers. Depend-
ing on its size, an entire production plant comprises several cells and is controlled
by a manufacturing execution system (MES).

The most commonly used device controllers are designed to meet the demands
of “traditional” industrial automation. They are programmed using languages that
are partially reminiscent of circuit diagrams, or using machine-like programming
constructs that provide maximum control over the relevant device or group of devices
(DIN EN 61131-3 2003).
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The models and algorithms necessary for self-optimisation are not currently part of
device controllers. It is only at the control level that “intelligent” planning algorithms
come into play (Brecher et al. 2008a) and the concept of multi-agent systems is used
(Brennan 2003). The prevailing programming paradigms in automation result in
rigidly linked processes at the cell level and the device level.

In automation the term “intelligence”, applied to the lower levels, is often taken to
mean adaptive control. However, intelligent decisions on targeted action, which are
necessary for assembly, are taken at the cell-control level and, in automated solutions,
implemented in controlled movements. As a rule, using PC-based cell controllers
(Possel-Délken 2006; Upton 1992) in industrial environments also makes it possible
to use the SOAR cognitive architecture employed in this project.

6.6.2.4 Task Allocation Between Humans and Machines

Looking at the role humans play in standard automated production, we see that their
main task involves managing and monitoring the manufacturing system. In the event
of a malfunction, they must be able to take over manual control and return the system
to a safe, productive state. This concept, termed “supervisory control” by Sheridan
(2002), involves five typical, separate subtasks that exist in a cascading relationship
to one another: plan, teach, monitor, intervene, learn (see Fig. 6.106).

After receiving an (assembly) order, the human operator’s first task usually in-
volves planning the assembly process. To do so, he or she must first understand the
functions in the relevant machine and the physical actions involved to be able to
construct a mental model of the process. Using this basic understanding, the op-
erator then develops a concrete plan that contains all specific sub-targets and tasks
necessary. “Teaching” involves translating these targets and tasks into a format that
can be used for machine control—e.g. NC or RC programs that facilitate a (partially)
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2008)

automated process. This process must be monitored to ensure that it runs properly
and produces products of the desired quality. The expectations for the process are
drawn from the mental model the operator created at the start. In cases where reality
deviates significantly from the model or where there are anomalies, the human opera-
tor can intervene by modifying the NC or RC program or by manually optimising the
process parameters, for example. Ultimately, every intervention involves the human
operator continually adapting his/her mental model, while existing process informa-
tion, characteristic values and trend analyses help the operator better understand the
process and develop a more detailed mental model.

With a cognitively automated system, the tasks change gradually, but in a con-
ceptually relevant way (see Fig. 6.107). Because the cognitive control unit (CCU)
can independently solve a certain class of rule-based production tasks, the human
operator is relieved of performing repetitive, monotonous or very dangerous tasks.
In a cognitive production system, the human operator defines the assembly tasks
based on the status of the sub-product or end product, carries out adaptations or sets
priorities as needed, compiles rough process plans, and sets initial and boundary
conditions. The information-related pressure on the human operator is considerably
reduced in the areas of detailed planning and teaching, because the cognitive system
handles them. But shifting this load from the human to the machine can result in the
human operator forming an insufficient mental model of the state variables and state
transition functions in the assembly process. This is because knowledge relating to
execution is already stored in the system’s process knowledge. At the same time,
however, humans must monitor system status and dynamics, and possibly make de-
cisions based on this knowledge. Especially in the event of an error that the system
cannot identify or solve, the human operator must receive all information relevant to
the situation in an easily understandable form so that he/she can intervene correctly
and enable system recovery.
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6.6.3 Motivation and Research Question

In high-wage countries, automating production systems can cover over 70% of their
functions. Given the law of diminishing marginal utility, raising the degree of au-
tomation even higher will not necessarily lead to a significant increase in productivity.
Although automation can, as a rule, reduce the frequency of process errors, it also
causes a disproportionate increase in the possible consequences of a single error
(Kinkel et al. 2008). These relationships, which Lisanne Bainbridge incisively re-
ferred to as “ironies of automation” (Bainbridge 1987), are represented in Onken
and Schulte (2010) as a negative feedback loop (vicious circle). To circumvent hu-
man shortcomings, a function that humans originally performed is automated. This
increases the complexity of the system, which in turn places greater demands on
the employee responsible for monitoring the automated function. The result is that
the entire system potentially becomes less robust. The loop comes full circle when
humans attempt to use automation again to compensate for these possible weak-
nesses. While it is not uncommon for an automated system’s productivity to increase
during the first iteration of the loop, humans often underestimate or even ignore
the risks involved. Onken and Schulte (2010) believe that using mechanisms bor-
rowed from human cognition presents an opportunity to “break the cycle” and design
a flexible production system in which humans and machines work together safely
and effectively—especially in process planning and monitoring, and in disturbance
management.

A system that is capable of learning and of adapting to changing environmen-
tal conditions can increase planning efficiency by reusing acquired knowledge and
transferring it to similar, new production cases. This can sometimes considerably
reduce the number of iteration steps involved. Systems of this kind are known as
self-optimising systems (Frank et al. 2004). Self-optimisation requires cognitive
capabilities that, in current production processes, only humans possess.

In this context, the term “self-optimising production systems” describes a concept
that can implement value-stream-oriented measures at the same time as increasing
planning efficiency and improving process and product quality (Schmitt and Beau-
jean 2007). Transferring existing knowledge to similar or new production cases—the
essence of self-optimisation—opens up new perspectives for production and assem-
bly systems by enabling them to dynamically adapt system behaviour to keep pace
with changing targets and situations. Incorporating humans’ unique skills and ex-
periences into the system is considered essential to self-optimisation. Innovative
cognitive functions in the form of symbol-processing systems should support humans
and, where necessary, relieve them of routine tasks.

Here, cognition is understood to mean processes such as perception, knowledge
storage, reasoning and learning. Obviously software can only partially simulate
the unique features of human cognition, but some models (Strohner 1995) can be
partially transferred to technical systems and thereby provide a suitable basis for self-
optimisation. Thus, cognition can largely be described as referring to the transfer and
application of knowledge, and to the processing of information, either by a living
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being’s central nervous system or in an artificial system (Strohner 1995). Within
this context, the sub-project described here, which is concerned with self-optimising
production systems, focuses on designing and realising a prototype of a CCU. This
CCU can use symbolic knowledge representation to optimise itself according to
predefined criteria. Most importantly, however, the CCU can be designed, developed,
and operated safely and efficiently by highly qualified experts in a high-wage country
like Germany.

Developing the design starts with the dilemma of planning orientation and value
orientation in the polylemma of production (Schuh and Orilski 2007). In planning-
oriented production, processes in a manufacturing system are centrally planned
during operations planning and scheduling, in great detail, far in advance, and in
line with the Taylorist principle of separating preparation and execution. Doing so
makes it possible to closely align production steps with the overall target because all
activities are analytically derived from the desired end result using a global target
function. In value-oriented production, planning activities overlap with the actual
value-adding process. In addition to carrying out the activity directly related to value
creation, the person responsible for production defines sub-tasks, their sequence,
and the use of production resources. The overall target is therefore generated in col-
laboration: organisational units independently define their sub-targets and sub-tasks,
and these come together along the process chain. This approach has the benefit of
allowing the production system to respond quickly to changing boundary conditions,
which means that it can better handle the complexities and dynamics of its environ-
ment and the process itself. State-of-the-art value-adding chains are typically only
partially capable of independently finding top-down solutions to specific problems on
the basis of simplified models within a defined solution space. As a rule, these chains
do not fully take into account interactions between processes, materials, production
resources and the people working in the environment, meaning that knowledge of
these interactions is usually incomplete. The same is true of how these interactions
affect the design of the product structure.

Cognitively automated systems should pave the way for new concepts and
technologies for production and assembly systems that should be able—through
continuous data analysis, information fusion, interpretation and assessment of the
actual situation—to dynamically adapt themselves to changing targets and boundary
conditions. The research question that arises from this is: how can we achieve a highly
dynamic system while at the same time ensuring that the targets of all activities are
well-synchronised?

The solution posited in designing and using cognitive automation is as follows: a
cognitively controlled production system reacts faster, more reliably and in a more
resource-efficient way than a production system that uses traditional planning logic
and methodology. Unlike a standard control system, a cognitively automated system
can, on the basis of internal decisions, independently redefine reference variables
in terms of targets, and adapt the control strategy accordingly. It would, however,
be naive to believe that such a system could function completely autonomously.
Scientific research must focus on designing and producing prototypes of cognitively
automated production systems that can be further developed and efficiently operated
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by highly qualified skilled workers in high-wage countries. These are no longer
purely technical systems; they are complex human-machine systems that require an
ergonomic design. Therefore, in defining the research question, we can identify two
fields of activity:

Firstly, this sub-project should address aspects of technical design and evaluating cognitive
functions. Secondly, any design for this kind of future production system must focus squarely
on humans and their superior cognitive skills.

The Cognitive Control Unit sub-project therefore explored the following research
questions:

* Design and development of architecture for a cognitive control system: The re-
quirements placed on a cognitive machine control system are reflected in the
unique requirements placed on the software architecture of the system. The sub-
project therefore investigates how this kind of architecture should be structured
and designed. This involves taking into account the different time requirements for
machine-oriented control systems (e.g. a robot cell) and planning for various data
abstractions. The data flows and information shared between planning, control
and human-machine interface must also be defined. A cognitive system works
using a knowledge-based approach. This means that the software architecture
must include components that allow the system to save and modify knowledge
that machines can process and humans can understand.

» Design and development of a planning methodology for cognitive automation:
Assembly planning presents a highly complex problem, even for current planning
systems. If it also has to be flexible enough to adapt to unexpected events and
ad-hoc changes in the process, we need to find special techniques for assembly
planning and control that incorporate functions borrowed from human cognition.

» Usefulness of technical cognition in industrial automation: The numerous func-
tions that have to be controlled in a production plant are predominantly designed to
effectively and efficiently carry out a pre-defined process. Alongside the primary
task (e.g. assembling a workpiece), supporting tasks also have to be controlled,
such as transporting and handling the workpieces. To achieve end-to-end self-
optimisation and control, all levels of industrial automation require cognitive
functions. The sub-project therefore seeks to find out how to integrate cognitive
functions into industrial automation, both conceptually and in terms of technical
implementation.

* Human-centred design of a cognitive control system’s knowledge base: A con-
trol system that has a knowledge representation which allows it to plan almost
independently and according to the situation will have a considerable impact on
the spectrum of tasks performed by human operators. Starting with the human
role in this kind of cognitively automated production system, the sub-project uses
robot-supported assembly to show how a human-centred CCU design can make
system behaviour more compatible with the human operator’s expectations. In
doing so, the sub-project aims to develop a safe, productive and disturbance-free
design for work processes in cognitively automated work systems.
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* Ergonomic interface design: Another question relates to the way information is
presented to human operators. One area that this research focuses on is ergonom-
ically designing head-mounted displays and displays in workspaces using new
methods of visualisation and interaction. In contrast to standard input and out-
put media like keyboards and TFT screens, new technologies for user interfaces
based on head-mounted, semi-transparent LCoS displays are being developed for
use in production environments. They are also being ergonomically designed and
evaluated with regard to their potential under operating conditions.

6.6.4 Results

6.6.4.1 Software Architecture

Russell and Norwig’s three-layer model (2003), widely used in robotics, was cho-
sen as the basic framework for the architecture. Compared with other architectures
commonly used in this field, such as the blackboard model (Hayes-Roth 1985), a
three-layer architecture has the advantage of a clear demarcation between abstraction
levels and temporal demands. The planning layer operates on a high abstraction level
with symbolic problem definitions and must satisfy only soft real-time demands. The
reactive layer, on the other hand, has to monitor machine-related control loops in
“hard real-time”. The coordination layer mediates between these two layers. This
is where abstract instructions from the planning layer are transformed into concrete
machine control commands. In the reverse direction, the information from the vari-
ous sensors is aggregated to form an overall picture of the situation and is transmitted
to the planning layer as a basis for decisions.

In order to satisfy the demands of a holistic consideration of the human-machine
system, the classic three-layer architecture was expanded to include further layers
and modules (see Fig. 6.108)

The presentation layer forms the interface to the human operator. The interactive
goal definition and description of the task, as well as the presentation of the current
internal state of the CCU takes place by means of the human-machine interface. In
addition, external data formats such as CAD data of the product to be assembled,
are transmitted in internal representation forms and made available to the other
components. The knowledge module contains the knowledge base of the CCU in
the form of an ontology (Gruber 1993). The planning layer can send enquiries to the
knowledge module by transmitting the system state received from the coordination
layer. The knowledge module then analyses the objects contained in this state and
can derive further information by means of reasoning via the ontology and transmit
this to the planning layer. A further logging module forms the database for all the
other components. All the data generated during system operation are persistently
stored here so that in the event of an error, the cause can be reconstructed on the basis
of the data if necessary. To support system transparency, all the data stored in the
logging module during operation are accessible to the user via the presentation level.
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Fig. 6.108 Architecture for a cognitive planning and control unit

Furthermore, the data thus gathered can also be used for training measures that are
integrated directly into work processes (embedded training, Odenthal et al. 2007).

The cognitive architecture SOAR, whose internal knowledge base is structured in
the form of production rules (if-then rules), was chosen to simulate cognitive func-
tions in the planning layer of the cognitive controller (Leiden et al. 2001; Langley
et al. 2004). Compared with emergent systems such as artificial neuronal networks,
a rule-based approach has the advantage of not needing time-consuming and po-
tentially unreliable preconditioning. To a certain extent, SOAR is able to simulate
rule-based human decisions and to take over repetitive and monotonous process
steps (Hauck et al. 2008). It cannot, however, simulate genuine knowledge-based
behaviour in the sense of reflecting on goals and their prioritisation (sensu Rasmussen
1986).
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As SOAR was not designed for automation applications and has no interface to
industrial control systems, a framework was designed and developed which makes
it possible to model the knowledge and the corresponding algorithms necessary for
controlling the assembly and the logistics (Kempf 2010). Furthermore, it provides
the architecture required for system control and the necessary interfaces. The plan-
ning layer, coordination layer, reactive layer and technical layer were developed for
this purpose (see Fig. 6.108). The technical layer essentially consists of the kind of
control units used in today’s manufacturing cells. The character of the control inter-
faces is thereby more or less predefined: a robot controller, for example, processes
travel commands with the pattern “Move linearly from A to B at speed C”; a PLC
expects switching commands with the pattern “If input A is true, then set output B”;
a special image-processing software that is located in the reactive layer due to its
complexity and the real-time demands imposed by the application expects an order
such as “Start object detection and feed back result”. The function of the technical
layer is therefore to control the individual devices via a defined interface protocol
with defined semantics. The main functions of the planning and coordination lay-
ers involve dynamically generating the individual device-specific control commands
from a global and relatively abstract description of the task, and coordinating their
execution in accordance with feedback from the sensors. One example of a compo-
nent in the reactive layer is the image-processing software mentioned, which, due to
its frame rates, has to be located in this layer.

A SOAR agent that takes control decisions independently consists of the model ofa
given problem space and the mechanisms for its processing provided by SOAR. Each
agent has its own long-term and short-term memory, and its own input and output
areas, where it operates cyclically, in a manner comparable with the function of a
PLC. The planning layer contains SOAR agents which are responsible for selectively
assigning control instructions for the production system. One such “dispatcher”
thus represents an order. The coordination layer contains agents which execute the
control instructions, whereby each operation is represented by a dedicated agent, the
“executor”. This split between several agents takes into consideration the aspects of
hierarchisation and parallelisation (Kempf 2010, see Fig. 6.109).

However, a control architecture is characterised not only by layers and interfaces,
but also by the way in which the internal temporal sequence is organised. The cogni-
tive control architecture is generally based on a fixed processing cycle, comparable
with the well-known behaviour of a cell controller in the form of a PLC. Similarly

Planning layer

m Coordination layer

| Executor 1 I ‘ Executor 2 ‘ | Executor 3 | ‘ Executor 4

Fig. 6.109 Arrangement of the SOAR dispatcher and executor agents in the layer model
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to that, the length of a processing cycle in this case also depends on the number and
complexity of the active agents. Since there is no real-time operating system, no hard
real-time can be achieved here. But this is generally not necessary for the execution
and decision layers. The real-time-critical processing takes place in the reactive and
technical layers. The SOAR agents are instantiated as independent objects of the
agent class. First the active dispatchers are executed sequentially, then the executors.
This means that decision and execution phases are always synchronous with one
another. The same applies to the input and output or simulation. As a result, all the
agents operate with the same image of the environment during a control cycle, and
are therefore quasi-parallel; this also applies to the exchange of messages between
the agents. A relatively simple but efficient scheduling policy is employed for the
individual agents: an agent continues to receive computing time until it generates an
output to the controller. This is frequently the case after one SOAR decision cycle,
but in some situations the agent requires several cycles before it reaches a decision.
All the agents run in one thread with the SOAR kernel and are processed in a fixed
sequence. This process is flanked by two additional measures:

1. To avoid endangering the control functions at execution level, measures must be
taken to ensure that an agent does not take too long (e.g. during virtual planning).
This is achieved by ensuring that it is always the next agent’s turn after a specified
maximum number of decision cycles have elapsed. This also means that decision
processes of individual agents can extend over several control cycles.

2. As only a limited number of resources are available at the decision level, a dis-
patcher at the front of the execution sequence tends to have an advantage. Users
can prioritise production rules relative to one another. However, if they do not do
this, the process follows the principle of “fairness” and the execution sequence
in each SOAR cycle is defined at random.

Asynchronously to the actual processing, user inputs can be made for process control
and visualisation, with semaphores ensuring data consistency.

6.6.4.2 Hybrid Method for Assembly Planning and Control

Starting from the general function of the CCU, which involves carrying out the
planning and control of a robot-supported assembly process on the basis of production
rules in conjunction with a formal-mathematical product model, this chapter initially
deals with only the cognitive processor. As already mentioned, this is located in the
planning layer. In the validation study presented here, the only input the CCU receives
is a description of the finished product to be manufactured. “Action primitives” stored
in the knowledge base of the CCU in the form of production rules serve as control
commands for the industrial robot for component assembly, and are also linked in
the processing cycles by the processor, depending on their state, to create a complete
and efficient assembly process.

Simulation experiments investigated the influence of various factors on the de-
pendent variables “CCU processor time” and “number of assembly cycles” in the
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whole process of assembling the target product (MTM-1 cycles, see Sect. 6.6.4.4).
The target product consisted of identical parts. The independent variables of the sim-
ulation experiment are: (1) The size of the target product (six levels: 4, 8, 12, 16,
20 or 24 parts); (2) The number of parts fed in on the queue (seven levels: 1, 4, 8,
12, 16, 20 or 24 parts); (3) The type of feed-in (two steps: deterministic feed-in of
the parts required or random feed-in, including parts not required). For the feed-in,
a simple buffer in the form of a queuing model was used that is operated similarly
to the FIFO principle. One hundred simulation runs were calculated for each of the
6 x 7 x 2 combinations of factor steps. Given the high amount of computing time
required, the simulations were performed on the RZ cluster in the computer centre
at RWTH Aachen.

The simulation results show that the target product was correctly assembled in all
8,400 simulation runs. No assembly errors or blocking (“deadlocks”) of the cognitive
processor occurred.

The CCU processing time and the number of assembly cycles for the random feed-
in of the parts are shown in Fig. 6.110. If we first consider only the time required,
we can see that the processing time increases when more parts are used in the target
object (Fig. 6.110, left). However, looking at the number of parts on the queue at the
same time, it is surprising to note that processing time decreases as the number of
parts increases. If we consider the number of simulated assembly cycles for a target
product of a given size and for feed-in with given parts, we see that the anticipated
number of assembly cycles is obtained (Fig. 6.110, right).

The corresponding results for the deterministic feed-in of parts are shown in
Fig. 6.111. The simulation results clearly show a disproportionate increase in pro-
cessing time as the size of the target product and the number of parts on the queue
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Fig. 6.110 CCU processing time (/eft) and number of assembly cycles required (right) as a function
of the size of the target product and the number of parts fed in on the queue in random feed-in
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increase (Fig. 6.111, left). The number of assembly cycles, on the other hand, behaves
as expected in relation to the size of the target product (Fig. 6.111, right).

The results of the simulation study show that a CCU based on SOAR cognitive
architecture is able to reliably perform assembly planning. In the given application,
SOAR proves to be particularly suitable for reactive planning under the boundary
condition of random feed-in of parts. In the case of deterministic feed-in, however,
the study showed exponential run-time behaviour. Although difficult to understand
intuitively, this simulation result can be explained by the way SOAR functions during
the decision-making process. It compares each required part on the queue with every
possible position within the target product. These comparisons result in “proposals”
that provide the basis for decisions on executing action primitives. Due to the combi-
natorics, this can lead to a non-polynomial increase in run-time behaviour (see, e.g.
Barachini 1990).

If we want to achieve dynamic system adaptation to changing boundary conditions
using—instead of SOAR—generic planning algorithms such as the Fast-Forward
Planner (Hoffmann 2001), the only way to do so is by performing continuous re-
planning or by completely forward planning all possible sequences of fed-in parts.
Complete forward planning for products comprising just 15 parts would require
drawing up over 3.6 billion plans. Forward planning can therefore no longer be con-
trolled in normal cases by combinatorics. Continuous re-planning during assembly
is also not possible, since combinatorics cannot satisfy the real-time demands for
comparable reasons. By contrast, the concept presented in this paper of a CCU based
on SOAR meets the demand for dynamic system adaptation very well, as the simu-
lation results for random feed-in clearly show. However, the results also show that,
unlike generic planning algorithms, the CCU has only limited suitability for classic
deterministic planning tasks. The study observed, for example, exponential run-time
behaviour with a strictly deterministic feed-in of required parts.



6 Self-optimising Production Systems 911

Fig. 6.112 Hybrid plan of the

Offline planner
assembly planner

CAD CAD parser
l—,> : _.| lGeomelric data

Geometric data
Graph generator

lstate graph

Online planner

Graph analyzer L —
Current Rabik
obol
Assembl . ysm
l Sl state cell

Cognitive control "P'—'
g Command

For this reason, a more advanced hybrid solution was developed (see Fig. 6.112).
It involves making a distinction between an “offline planner”, which computes com-
plex planning steps based on geometric analyses prior to assembly, and an “online
planner”, which uses the results of the offline planner to generate assembly plans
during the assembly process, depending on the current situation.

The offline planner consists of two components: the CAD parser and the graph
generator. The parser receives the CAD description of the product to be manufac-
tured and extracts from this the geometric information on the whole product and the
individual components. This information is then forwarded to the graph generator.
The generator follows an “assembly-by-disassembly” strategy (Lin and Chang 1993)
to generate all the expedient assembly sequences for the given product. This involves
starting from the fully assembled state and generating all possible disassembly steps
recursively, until there is nothing but individual components. Read backwards, these
disassembly steps show all the possible assembly sequences. The graph generator
performs this process using the method presented by Thomas (2008). The system
examines pairs of all subsets of components to establish whether these can be sep-
arated from each other, collision-free. Invalid disassembly steps are rejected, while
valid steps are added to an and/or graph (Homem de Mello and Sanderson 1986) and
further examined and evaluated on the basis of various criteria. An and/or graph for
a simple tower made of four bricks is shown in Fig. 6.113.

Each hyperedge of the and/or graph represents one disassembly action, or, in
the opposite direction, one assembly action. As some assembly actions have to
be performed by different tools or by a person, different costs depending on the
type of action are assigned as vectors to each hyperedge. The finished and/or graph
is then transformed into a state graph (see Fig. 6.114) because the online planner
uses a process—similar to those applied in assistant systems (Zaech and Wiesebeck
2008)—that cannot be used for hyperedges.

During the transformation, each hyperedge is converted into a simple edge. The
corresponding nodes, which represent the resulting disassembly steps, are merged
into one node: if both nodes consist of more than one individual component, a
new node is generated that contains both sub-products. If a node contains only one
component, this node is removed and the respective component is added to the new
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edge as a requirement. The resulting state graph is then transferred to the online
planner so that assembly can begin.

Within each assembly cycle, the current system state is transmitted to the online
planner during assembly, the next action to be performed is calculated, and the robot
cellis activated accordingly. Decision-making is carried out by three components: the
graph analyzer, the paralleliser and the cognitive control (CC). The graph analyzer
contains the system state and updates the state graph. First, the current state of the
assembly cell is located in the diagram. Then all the following edges are updated.
Edges whose required components are not contained in the current state receive
additional “penalty costs”. Edges further from the node describing the current state
are assigned lower costs. The online planner thus gains the ability to speculate.
Actions that are not possible at present, because the corresponding components are
not available, are more likely to be integrated into a plan the further they lie in the
future. The algorithm “hopes” that the required component will be delivered before
it is required.

After updating the state graph, the least expensive path—according to the given
target system—from the current state to the target node is calculated using the A*
algorithm (Hart et al. 1968). When passing through the graph, A* selects as the next
node to be examined the node x, for which the function f(x) = /(x) + g(x) is minimal.
The function g(x) designates the costs of the path to be taken to arrive at node x.



6 Self-optimising Production Systems 913

Fig. 6.114 State graph
produced from the and/or
graph

[req:-l

N

1
8 -39
[req:3]| [req:1] | |[req:3,4][req:1,2] | [[req:4]

T
B ‘B

[req:2 3] ‘

[req:1,2] [req:3,4]

In addition to the costs of the individual edges of the graph, the cost calculation
also takes into account any necessary tool changes. In view of prevailing safety
regulations, higher costs are allocated to changes between robots and humans than
to changes between tools. Paths with fewer changes therefore have lower costs. The
function A(x) is a heuristic which estimates the proximity of a node to the target
node. The heuristic employed here uses the number of components already correctly
assembled and the valuation assigned by the offline planner with respect to machine
transparency. The path calculated in this way is passed on to the next component as
the plan to be followed. The process described ensures that this is an optimal plan
with respect to several criteria:

* High penalty costs for actions that cannot be carried out ensure that the online
planner selects the most realistically probable assembly sequence.

» Additional costs for tool changes create a preference for choosing sequences where
the same tool is used for longer periods or which can be carried out by a single
human operator.

* Reductions in penalty costs for assembly steps that cannot be carried out, de-
pending on their distance from the current state, create a preference for assembly
sequences that can be started immediately, because actions that cannot be carried
out are shifted to the end.
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A further optimisation step to accelerate assembly is performed in the paralleliser
component. The fixed sequence of assembly actions received is examined for actions
that can be carried out in parallel. The sequence is thereby seen as a sequence of sets
of'assembly actions. Each of the sets is examined as to whether it can be carried out in
parallel to the following set, i.e. whether all elements of both sets can be carried out
in pairs at the same time. This parallelisation can be derived from the and/or graph:
two actions, x andy, can be carried out exactly in parallel when their corresponding
hyperedges—e, and e,—have a common predecessor hyperedge and when neither e,
nor ey, is a predecessor of the other. If two sets can be carried out in parallel, they are
joined and examined to see whether they can be carried out in parallel with the next
set. The result of this process is a sequence of sets of assembly actions (Fig. 6.115)
which is then transferred to the decision-making component, the CC (Fig. 6.112).

Transferring a plan as sets of actions that can be performed in parallel has a number
of advantages. On the one hand, assembly can be accelerated because several robots
or even the human operator can work on the assembly at the same time. On the
other hand, the CC has greater freedom for decisions because it is free to select the
sequence in which the actions within a set are to be processed (if they cannot be
performed in parallel).

As already mentioned, the CCU is based on SOAR, a cognitive architecture which
attempts to simulate the human decision-taking process. The schematic sequence
within this component is shown in Fig. 6.116. During assembly, the CC receives
the current system state, transmits it to the online planner and receives back the
assembly plan described above. On the basis of this plan and the current state, a
decision on the next action is taken using the stored rule base. The CC can decide to
follow the given assembly plan and to execute a suitable action from the first set of
actions at its own preference. Alternatively, it can decide to ask the human operator
for assistance, or to wait until the situation changes, for example through a new
component being fed in. After executing the respective action, the resulting system
state is queried and checked. If it corresponds to the target state, i.e. it contains the
finished product, the assembly process ends. Otherwise the system examines whether
the state has changed purely as expected, i.e. as a result of the action performed.
If this is the case, it continues processing the assembly plan already received. If
the situation has changed unexpectedly, the CC initiates re-planning by the online
planner.
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6.6.4.3 Prototype Realisation of a Cognitively Automated Assembly Cell

To test and develop a CCU in a near-reality production environment in a variety of
different assembly operations, a robotic assembly cell was set up (see Kempf et al.
2008). The layout of this cell is shown in Fig. 6.117. The scenario was selected to
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Fig. 6.118 Assembly and
storage areas in the assembly
cell

Storage

disposal

comprise major aspects of an industrial application (relevance), and at the same time
to easily illustrate the potential of a cognitive control system (transparency).

The main function of the demonstrator cell is the assembly of known objects. Part
of the cell is made up of a circulating conveyor system comprising six individually
controllable linear belt sections. Several photoelectric sensors are arranged along
the conveyor route for detection of components. Furthermore, two switches allow
components to be diverted onto and from the conveyor route. Two robots are pro-
vided for handling the components, with one robot travelling on a linear axis and
carrying a tool (a flexible multi-finger gripper) and a colour camera. Several areas
were provided alongside the conveyor for demand-driven storage of components
and as a defined location for the assembly (see Fig. 6.118). One area is provided
for possible preliminary work by a human operator. This is currently separated from
the working area by an optical safety barrier. The workstation has a multimodal
human-machine interface that displays process information ergonomically, allowing
it to provide information on the system state and to help solve problems, if neces-
sary. Detailed information on the configuration of the multimodal interface can be
found in, for example, Odenthal et al. (2008, 2009), and in Schlick et al. (2009).
To simultaneously achieve a high level of transparency, variability and scalability in
an (approximate) abstraction of the actual assembly process, building an assembly
of LEGO Duplo bricks was selected as the assembly task. To take into account the
criterion of flexibility for changing boundary conditions, the bricks are delivered at
random (see Sect. 6.6.4.2). In terms of automation components, the system consists
of two robot controllers, a motion controller and a higher-ranking sequencer. The
latter takes the form of a CCU.

The initial state provides for a random delivery of required and non-required
components on a pallet. One of the robots successively places the components onto
the conveyor. The automatic-control task now consists in coordinating and executing
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the material flow, using all the technical components, in such a way that only the
assembled product is on the assembly table at the end.

As has already been explained, the automatic generation of valid assembly se-
quences, e.g. directly from a CAD model, is an extremely complex problem for which
a universal solution has still to be found. In the present case, however, it is possible
to find valid sequences with reasonable computing time that can be generated using
the hybrid planning process from Sect. 6.6.4.2. The result of this kind of upstream
planning process is a set of sequences extracted from an assembly priority graph that
serve the dispatcher as inputs. The assembly planner described in Sect. 6.6.4.2 is also
involved in solving the assembly problem. Even for an assembly problem of average
complexity, a number of additional boundary conditions have to be observed when
planning the assembly graph in order to arrive at a valid assembly sequence. Such
limitations exist particularly in the following basic operators, which are based on the
MTM-1 taxonomy (Drumwright et al. 2006; see Sect. 6.6.4.4):

» REACH: Does the assembly situation, in combination with the gripper geometry,
permit a valid approach trajectory?

*  GRASP: Does the assembly situation, in combination with the gripper geometry,
make it possible to grip the component during positioning (joining) (see Fig. 6.119,
left)?

» POSITION: Does the assembly situation permit movement in joining direction
(see Fig. 6.119, centre)? Does the assembly situation permit a stable force couple
between the component to be positioned/joined and the assembly (see Fig. 6.119,
right)?

The necessary call parameters have to be provided for commanding the functional
units via the device interface. Important poses within the cell are preconfigured and
are processed within the coordination layer. However, the exact target pose might only
emerge at run-time, when a position is located on the pallet, for example. Operation
always takes place in a discrete problem space. A component can be deposited on the
pallet in, e.g. a given pattern that is stored as part of the plant model. The executor

Problem: Joining force

| Step 4

Problem: Assembly direction] Problem: Gripper geometry
- E r r
| ==
» .

Step 2

[

- % N %

Fig. 6.119 Boundary conditions in positioning the demonstrator components
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Fig. 6.120 Coordinate
systems and transformations
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now supplies a discretised frame that corresponds to an actual (relative) component
pose and has to be scaled to the modelled grid and offset against the reference pose.
All the executors use this principle. Corresponding discretised poses are:

» Depositing poses of components or assemblies (in the cell coordinate system)
+ Joining poses of components in the assembly (in the assembly coordinate system)
* Gripping poses on components (in the component coordinate system)

Frame and transformation operations are used to calculate the resulting target pose.
This makes it possible to easily calculate random links between different coordinate
systems (see Fig. 6.120).

Atomic commands are used in the technical layer to control the robots, grippers,
conveyor belts and switches. The challenge here lies in linking the PC-based cognitive
controller to the industrial device controllers.

Before a plant can begin production, it must be sufficiently tested. The advantages
of using virtual commissioning for this purpose are increasingly being recognised. A
cognitive control system probably has even greater need of simulative testing than a
classic system does. This is because system behaviour in this case is not even known
“on paper”—according to the requirement, it is not generated until run-time. First
the question has to be answered as to how a control framework can make it possible
to test the resulting processes in advance and—if possible—to visualise them. One
possibility is by using a simulation tool of the kind used in connection with classic
commissioning. These kinds of simulation tools generally have an OPC interface
that allows them to connect to an external controller (generally in the form of a
soft PLC). To avoid having to create several interfaces in the cognitive controller
to device controllers and simulation systems, an abstracted interface was used that
allows the different types of device controller and simulation software to be linked
transparently. This abstracted interface communicates using the real-time-capable
CORBA middleware (see Fig. 6.121).
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Fig. 6.121 Communication structure in the technical layer

Simulation

In the technical layer, the function calls of the actuators and sensors with their
parameters as control commands are either transmitted directly via the CORBA inter-
face from the cognitive controller to the corresponding PC-based controller, or they
are transferred to the fieldbus by a PC-based interface with a corresponding CORBA
call. In the demonstrator cell, the following technical sub-systems are controlled via
a PROFIBUS interface:

* Two KR C2 robot controllers made by KUKA

* One SIMOTION motion-control system made by Siemens

» Further actuators (two-jaw gripper, pneumatic switches) and sensors (photoelec-
tric sensors) can also be reached as I/0O systems via the PROFIBUS. These systems
are linked to the cognitive controller via a CORBA PROFIBUS interface.

The following are linked directly via CORBA:

* An image processing system for identifying the individual components and
detecting their position

* A gripper system for a flexible gripper, made by Schunk, with seven degrees of
freedom

As the components have to be detected and gripped even when the conveyor belt is
running, the robot must track them at a speed synchronous with that of the conveyor
during the detection and gripping process. To achieve this, a direct control loop
between robot controller and image processing system was created. At the technical
level, the loop uses the KUK A RSI real-time interface to manipulate robot movements
in the interpolation cycle. In the layer model, image processing in the control loop
is located in the reactive layer due to its real-time character.
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Fig. 6.122 Number of operations necessary for two parallel assembly operations

A truism for every production system is that a plant behaves correctly when it is
appropriately designed, and using a cognitive control system does nothing to change
this simple fact. However, the example of the demonstrator cell shows that the
behaviour achieved with a correct model and self-optimisation completely met the
expectations in every case (Kempf2010). The duration of the process and the number
of operations necessary depends to a large degree on the modelling and can be greatly
influenced with just a few rules. Further factors are random influences—in this case
the random feed-in of components, and non-deterministic decision-making within
the SOAR agents. Figure 6.122 shows how the duration of an assembly process is
affected by random influences alone.

Due to the semi-decidability of some planning tasks, no hard real-time behaviour
can be expected from a cognitive controller at the planning level. Nevertheless, the
run-time behaviour should still satisfy certain boundary conditions, particularly in
the reactive layer.

As arule, both the temporal behaviour and the necessary memory requirement are
dominated almost exclusively by SOAR (planning processes are one exception; the
planning module is responsible for these). The following times were measured on a
normal desktop PC with a 2.5 GHz dual-core processor and 2 GB RAM. The control
architecture means that there is only one control cycle that covers the planning,
coordination and reactive layers. For the measurement of the cycle time it should be
noted that the time resolution of the standard operating system (Windows XP) on the
platform used was approx. 15 ms. To obtain a more precise statistical mean value,
the total run-time was therefore divided by the number of necessary control cycles.
It emerged, however, that the actual cycle time varied only very slightly from this
mean value. This is also to be expected, because each SOAR agent usually performs
exactly one decision cycle per control cycle.

If a normal industrial reaction time of 50 ms is assumed (see Fig. 6.123), the
cognitive control system implemented always reacts within this period of time. The
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Fig. 6.123 Controller stability and cycle duration compared with normal industrial reaction time
(50 ms)

coordination and reactive layers thus initially fulfil the speed demands of a suitable
controller for the demonstration cell.

The current results are aimed solely at designing the technical “components” in
the complex human-machine system of a cognitively automated assembly cell. From
apurely technical point of view, the results demonstrated that robot-supported assem-
bly processes can be cognitively automated, even though, with regard to planning, a
hybrid approach had to be developed that combined classic planning elements with
reactive, cognitive planning to meet the demands placed on reactive and adaptive
planning.

Building on this, the following sections will focus on the human being in the
overall system, and will examine how humans and the technical sub-systems interact.

6.6.4.4 Process Logic for a Cognitively Automated Assembly

As explained in Sect. 6.6.2.4, cognitive automation shifts the spectrum of tasks for
the human being. Parts of the planning that originally lay in the human sphere of
responsibility, because they involve the step-by-step transformation of a manufactur-
ing strategy into an RC program, can be taken over by the cognitive control unit. This
can lead to the abovementioned incompatibility between the human mental model
and the process knowledge stored in the technical system. With the human and
the machine, the working system has two totally different information-processing
“systems”, which either encode and process sub-symbolically as with the human,
or merely have symbolically encoded information on the production process as with
the machine (Fig. 6.107).
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The work presented below aims to avoid such incompatibilities by developing
a cognitive-ergonomic model of the process knowledge. The idea is to adapt the
process knowledge stored in the cognitive control unit to human thought patterns,
and to influence the behaviour of the cognitive system in such a way that humans
can easily understand and reliably anticipate it.

Elementary components of the MTM-1 taxonomy were used for the cognitive-
ergonomic design of the process logic for controlling the assembly robots. The
hypothesis is that a sequence consisting of empirically validated basic ele-
ments/movements that conform to expectations can be quickly learned and, if
necessary, optimised by humans, even if the executing instance is a robot gripper
arm (see also Gazzola et al. 2007; cf. Tai et al. 2004). The MTM components trans-
formed into production rules, or SOAR operators, are equal and therefore not defined
in a sequence. They correspond to the MTM-1 basic movements REACH, GRASP,
MOVE (with integrated TURN), POSITION and RELEASE (see Sect. 6.6.4.3) that
are used to control the robots in the cell. In addition, further rules are stored which,
depending on the basic elements used, contain the physical boundary conditions
(e.g. joining direction or conditions for positioning an element) and assess whether
a fed-in element can be directly fitted or has to be stored in a buffer until a later
assembly step.

As the research work focuses on evaluating the concept—not on optimising the
process purely in terms of time—no tabular time information is stored initially. This
simplification is acceptable if all the bricks necessary for the assembly are available
or if the component is made of identical bricks, since with fixed starting and finishing
positions of the end effector, the sum of the paths and hence the overall time does
not change, despite different assembly sequences.

A prototype implementation of the CCU described is carried out in a self-
developed simulation environment, very similar to that of the assembly cell. For
simplification, the conveyor belt was replaced by a panel similar to a chess board.
The fed-in bricks are laid out on the panel’s fields. The supply process can be var-
ied from randomly feeding in a single brick through to delivering all the necessary
bricks. The simulation included the workstation and buffer areas as independent ar-
eas. Regarding the simulation of the gripper, it is assumed that the geometry of the
gripper means there are no restrictions in approaching or joining the elements. The
prototype simulation environment is shown in Fig. 6.124.

Fig. 6.124 The simulation Buffer Workspace Queue
environment 3
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Table 6.8 Expected process sequence based on the MTM-1 taxonomy

Step 1 Step 2 Step 3 Step 4 Step 5

Brick 1 Reach Grip Move Position Release
Start — Panel Brick 1 Box — Pos. 1 on Pos. 1

Brick 2 Reach Grip Move Position Release
Pos. 1 — Panel Brick 2 Box — Pos. 2 on Pos. 2

Brick 3 Reach Grip Move Position Release
Pos. 2 — Panel Brick 3 Box — Pos. 3 on Pos. 3

The prototype implementation of the CCU in the simulation environment should
be considered as a reference model. The reference model was validated using several
easy-to-assemble geometric objects made up of LEGO bricks. The objects differed
in the number of bricks used, in colour and in shape (e.g. pyramid, cube, flat surface).
The assembly results of a pyramid consisting of 30 identical bricks is explained here
as an example. Identical bricks were chosen because this meant that each component
could be installed in any position within the pyramid, thus resulting in a large number
of possibilities (~ 10>) for the assembly sequence.

Without further defining the spatial dimensions within the workspace of the as-
sembly cell, an assembly sequence like the one shown as an excerpt in Table 6.8 is
expected. If we understand one complete cycle as running from the beginning of a
REACH operator until the end of a RELEASE operator, we expect the number of
cycles to be 30.

Repeated simulation runs (n=1,000) with pre-picked sets of parts (all the nec-
essary bricks were available) and with a random supply of parts (including bricks
not required) show that the desired target object is always built, error-free and in the
expected number of complete cycles. Given the simplified treatment of the gripper,
no deadlocks occurred. This therefore replicated the simulation results presented
in Sect. 6.6.4.2. It should be pointed out here, however, that the variance in the
observable assembly sequences is immense, meaning that despite the use of an an-
thropocentric taxonomy in the form of MTM-1, the question arises as to whether
the described approach is sufficient to ensure that system behaviour conforms to the
expectations of the assembly cell user.

This question must be considered from different perspectives. If we look at the se-
quence of operators (from REACH to RELEASE) within a single cycle, the sequence
conforms to expectations because it corresponds to the normal cycle of movements
of the human hand/arm system. This does not apply, however, to the sequence of
cycles, or assembly sequences. With SOAR these prove to be a statistical succession
of possible sub-steps that is impossible for humans to understand because it happens
with no recognisable heuristics.

From a technocentric point of view, the reference model provides valid results
in the sense of a complete, error-free and expedient structure. From an anthro-
pocentric perspective, however, the results appear to be inadequate since the high
procedural variance means that they cannot be compatible with human expectations.
Marshall’s Schema Model (Marshall 2008) divides the types of knowledge for the
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human decision-taking process into four categories: (1) Identification knowledge
(What is happening at the moment?); (2) Elaboration knowledge (What has high
priority and why?); (3) Planning knowledge (What has to be done and when?); (4)
Execution knowledge (Who should do what?). Regarding the discrepancy between
the technocentric and anthropocentric approach, Mayer et al. (2009) conclude that
the reference model significantly under-represents elaboration knowledge.

To examine the hypothesis that a stronger focus on elaboration knowledge will
have a positive impact on the expectation conformity of the system behaviour, a
series of experiments investigating assembly strategies was held under laboratory
conditions and with 16 participants (13 male, 3 female). The participants had to
assemble a complete assembly on the basis of a CAD drawing. To keep the results
comparable with the assembly cell, limitations were imposed on the execution of the
task. Participants were only permitted to use one hand for the assembly, and were
not allowed to build sub-groups or pick up several bricks at once. The target object
was a single-coloured pyramid of 30 LEGO bricks.

The analysis of the assembly strategies in the experiments produced three general
rules:

* Rule 1: From the viewpoint of the participant, the first brick to be assembled is
located in one of the left corner positions (87.5% of the sample cases).

» Rule 2: Preference is given to selecting bricks that can be positioned directly next
to an adjacent brick during assembly (81%). This will be referred to as compliance
with the adjacency relationship.

* Rule 3: The target object is built up in layers that lie parallel to the assembly
surface (81%).

Validity of the Collected Data with Respect to the Defined Rules

A further series of experiments (ES2) was carried out to check the validity of the
previously identified assembly rules. The series involved 25 people (14 male, 11
female) who are not involved in manual assembly during their day-to-day work.
The subjects are therefore not classified as experienced workers in the sense of the
MTM taxonomy. None of the participants had taken part in the first series (ES1). The
average age was 26.9 years (SD=3.4). For ES2 the task from ES1 was expanded
to require the subjects to assemble ten identical pyramids in succession in a timely
manner. This meant that, in spite of the laboratory conditions, the subjects gained a
degree of experience that is quite comparable with that of small-series production.
The reason for the expansion of the task was to avoid “unusual” methods of working
due to the simple task. Subjects had to signal the start and end of each assembly
sequence by double-clicking a pushbutton switch installed in the assembly area.
The assembly process was subject to the same limitations as in ES1—one-handed
assembly and no building sub-groups or gripping several bricks at once.

If the rules identified from ES1 are also applicable to ES2, at least equal relative
frequency f; for each individual rule should be recognisable in the empirical data.
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Table 6.9 Results of the X2 MV ES2 (EVES]) df' XZ p
goodness-of-fit test
ES2, Rule 1 80.4% (87.5%) 1 11.52 0.00
ES2, Rule 2 91.2% (81%) 1 16.25 0.00
ES2, Rule 3 97.2% (81%) 1 41.75 0.00

a =0.05; MV Mean value; EV Expected value; ES Experi-
ment series

On the basis of this assumption, the following hypotheses can be formulated for the
statistical test:

» H;j: The relative frequency of the position of the first brick in ES2 (fi2_rure1) is
higher than the frequency in ES1 (f1_rute1), or: Hot: fr2_rutet = fr1_Rute1-

* Hj: In ES2, assembly that conforms to the adjacency relationship (fi2_ gure2)
occurs with a higher relative frequency thanin ES1 ( fi1_gue2), or: Hoz: fi2_rue2 =
Sn1_Rute2-

* Hi: Assembly in layers in ES2 (fi2_rue3) occurs with a higher relative frequency
than in ES1 (f1_rute3), or: Hos: fho_rutes = fn1_Rute3-

To verify the null hypotheses, the x> goodness-of-fit test is applied with a significance
level of @ = 0.05.

The results of the x 2 test for Hy; (position of the first brick in left-hand corners)
are shown in Table 6.9. This clearly shows that Hy; has to be rejected. With a
relative frequency of 80.4%, the observed distribution deviates significantly from
that observed in ES1.

The results of the x 2 test for Hy, (taking account of adjacency relationships during
assembly) are also shown in Table 6.9. The null hypothesis must also be rejected
in this case. However, because the relative frequency of 91.2% is higher than the
expected value from ES1 (81%), it can be said that the rule is followed more strictly
than expected.

Finally, the results of the x2 test for Hy3 (assembly in layers) are also shown
in Table 6.9. This null hypothesis must also be rejected. As the observed relative
frequency is 97.2% (expected value from ES1: 81%), it is clear that this rule is also
followed more strictly than expected.

Influence of the Rules on Prediction Quality

As already shown, the null hypotheses regarding the rules identified in ES1 had to be
rejected. The results of the x 2 goodness-of-fit test for the rules relating to compliance
with adjacency relationships and to assembly in layers show that these are followed
more strictly than expected. The only rule that could not be applied to the results of
ES2 was the one relating to the position of the first brick. Nevertheless, in view of
the relatively high satisfaction of the rule (80.4%), it will continue to be considered
in the further course of the study.
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Table 6.10 Overview of the MTM-1 rules Rule 1 ) —
simulation models compared
in the study Model 1 X
Model 2 X X
Model 3 X X
Model 4 X X
Model 5 X X X
Model 6 X X X
Model 7 X X X
Model 8 X X X X

Finally, we also wanted to investigate how the identified rules—individually and
in combination—influence the CCU’s prediction accuracy regarding assembly steps
preferred by humans, and the generalisability of assembly steps carried out by hu-
mans. To do so, independent sets of rules, which consist of the rules of the reference
model and the respective auxiliary rule, are transferred to the CCU and simulated
several times in a simulation environment developed especially for the experiments.
The resulting data give an indication of how each set of rules influences the predic-
tion accuracy of the simulation, i.e. its ability to predict the next step in the human
assembly activity, and provide information on the generalisability of the set of rules
with respect to ES2.

The additional cognitive simulation models were systematically expanded to in-
clude the rules corresponding to the heuristics. An overview of the simulation models
is shown in Table 6.10.

For space reasons, in what follows only one dependent variable is used for eval-
uating the simulation models. The variable is derived from the criteria provided in
Langley et al. (2009) for evaluating cognitive architectures. This criterion is based
on the “optimality” criterion and represents the simulation model’s prediction qual-
ity regarding the assembly activity. The prediction quality of an observed model is
defined as the probability of the simulation model positioning a given brick in con-
formity with the human action during simulated assembly. In other words, assuming
a given state x;_; and the stored process knowledge for reaching the next state X;,
the probability p(x;|x;—;) that this particularly state will be reached is evaluated.
This observation is followed step-by-step for the assembly sequence until the target
object is fully assembled.

As the simulated assembly is a Markov process, it is admissible to factor both the
overall probability into the transition probabilities p(x;|x;—1)(2 < i < 30) described
above, and the initial probability p(x;), where x| represents the initial state. The
conditional probability of a sequence P is calculated as follows:

30

P =[] pGxilxi1) - plxr) (6.16)

i=2

The logarithmic probability was calculated to simplify the interpretation of the re-
sulting data. The prediction quality is therefore operationalised using “logarithmic
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conditional probability” (LCP):

30
LCP =) "logp(xilxi—1 ) + log,op(x1) (6.17)

i=2

In Eq. 6.17, p(x;|x;—1) is the conditional probability that the observed simulation
model assigns to a brick that was originally positioned by the human. Thus, the LCP
values vary between 0 (perfect prediction) and — oo (absolutely wrong prediction or
behaviour that the simulation model cannot validly reproduce).

To examine the prediction quality of the different cognitive simulation models
(see Table 6.10), the index of the simulation models is regarded as an independent
variable. Expanding the reference model of the cognitive simulation (Model 1 in
Table 6.10) is expected to increase the prediction quality when additional empirically
identified rules are added to the knowledge base. The following null hypothesis is
formulated on the basis of this expectation:

* Hos: The prediction quality of the cognitive simulation models exhibits no
significant differences.

The Kruskal-Wallis test was used with a significance level of o =0.05 to test for
differences in the prediction quality. This test can be regarded as a non-parametric
form of the one-factor analysis of variance (ANOVA). This is necessary because the
Lilliefors test for normal distribution rejects the normal distribution for all LCP values
(»<0.01 in each case). A post-hoc test with adaptations for multiple comparisons
according to Bonferroni was also carried out.

Results

Table 6.11 shows the mean values for the dependent variable LCPs from Eq. 6.
17, which describes the prediction quality for the 250 assembly sequences from the
second empirical study.

On the basis of the simulation data underlying Table 6.11, it is clear that there is
a significant difference (p =0.00) in the LCP values. Hos must therefore be rejected.
Figure 6.125 shows the simulation data as box plots of the observed cognitive sim-
ulation models. A higher LCP value means higher prediction quality with respect to
human behaviour.

Table 6.11 Mean values for

- : - Simulation model LCP

the logarithmic conditional

probability (LCP) for the Model 1 —24.595

simulation models examined ~ Model 2 —24.422
Model 3 —20.579
Model 4 —20.279
Model 5 —20.430
Model 6 —20.192
Model 7 —15.848

Model 8 —15.671
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Fig. 6.125 Box plots of the logarithmic conditional probability (LCP) calculated for the simulation
models examined

Table 6.12 Results of the multiple comparisons of the LCP values for the cognitive simulation
models observed

Modell Model2 Model3 Model4 Model5 Model6 Model7 Model 8

Model 1 -/- X X X X X X
Model 2 -/- X X X X X X
Model3 X X -/- X X X X
Model 4 X X X -/- X X X
Model 5 X X X -/- X X X
Model 6 X X X X -/- X X
Model 7 X X X X X X -/-

Model 8 X X X X X X -/-

Post-hoc pair comparisons were carried out to determine the differences between
the cognitive simulation models. Table 6.12 shows the significant differences (o =
0.05) as a cross-reference table, where X represents a significant difference (¢ =
0.05).

If we compare all the cognitive simulation models, we can divide the models into
three groups that are significantly different in terms of prediction quality. The first
group has the poorest prediction quality and comprises Model 1 (the reference model
for the cognitive simulation) and Model 2. Models 3, 4, 5 and 6 form the group with
average prediction quality. Models 7 and 8 have the highest prediction quality.

The following conclusions can be drawn from the test results:

» Rule 1 has no significant effect when it is added to a cognitive simulation model.

* Rules 2 and 3 significantly influence the prediction quality of the cognitive simula-
tion models, but they show significant differences in a direct comparison. Adding
Rule 2 can improve the LCP value by between 16.32 and 22.39%. Rule 3 results
in improvements ranging from 17.32 to 23.29%.
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» The highest prediction quality is obtained when Rules 2 and 3 are combined. This
increases quality by between 35.56 and 35.83%.

6.6.4.5 Human-Machine Interaction

Asexplained in Sect. 6.6.3, it is important to pay particular attention to the ergonomic
design of the human-machine interface. Because the CCU can independently solve
a certain class of rule-based production tasks, the human operator’s duties mainly lie
in cognitively demanding tasks. These include defining the production task, drafting
rough process plans, defining the initial and boundary conditions and, in particu-
lar, monitoring the system state during the process and taking expedient action if
disturbances or production errors arise. If the robot makes an assembly error, for
example, the human operator must be able to quickly and efficiently intervene to
enable system recovery. To achieve this, the sub-project designed, developed and
evaluated a visualisation system that displays assembly information directly in the
operator’s field of view (“augmented reality”’, Ong et al. 2008).

A laboratory study was carried out to examine this visualisation system from the
point of view of software ergonomics and to analyse how the relevant information
should be displayed for the human operator. The task used in the experiment assumes
that a robot has implemented the scheduling of an assembly task previously defined
by the operator. During processing, however, a fault has occurred that the cognitively
automated system cannot identify and remedy independently. Possible causes of as-
sembly errors can be “noisy” sensor data regarding component detection, and flaws
in the fed-in components themselves. Two separate series of experiments were per-
formed to investigate the “optimum” ergonomic display of the assembly information
with respect to the time necessary for fault detection and the corresponding accuracy.
Two different displays (a head-mounted display—HMD—for visualisation directly
in the field of view, and a table-mounted display—TMD—for visualisation in the
workspace) and various types of visualisation were compared.

Experiment Scenario and Implementation

Different modes of visual representation (and interaction) were drafted and devel-
oped for the ergonomic system design and evaluation. These modes are based on
known methods for designing written manufacturing instructions and are derived
from guidelines for technical writing (see Alred et al. 2003). Exploded views and
step-by-step instructions were used for ergonomically visualising assembly infor-
mation in the field of view (Odenthal et al. 2008). To display assembly information
in high quality and to permit quick and precise error detection with minimal men-
tal effort, the assembly objects were accurately modelled as 3D objects and their
colour and contrast were adapted to provide an ergonomic display on the HMD.
LEGO bricks, which are easy to describe, were selected as assembly objects (see
Sect. 6.6.1).
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Table 6.13 Technical data of the HMD and TMD

HMD TMD
Resolution 1,280 x 1,024 1,280 x 1,024
Image refresh rate (Hz) 60 75
Monitor size - 17"
See-through transmission 40% -
Weight (kg) 1.3 7
Brightness max. 102.79 Cd/m? Typical 230 Cd/m?; min. 197 Cd/m?
Monocular FoV 60° diagonal/100% -
Technology LCOS TFT
Manufacturer NVIS ELO

Experiment Design

The experiment design distinguishes between four factors. The first is “display type”
(DT). The three other factors represent the different modes of presentation of the
synthetic assembly information. These factors are: augmented vision mode (AVM);
a priori presentation of the target state of the fully assembled assembly (APP); the
mode for interactive decomposition and composition of the assembly during the
error detection phase (DCM). These factors with the corresponding factor levels and
the associated experimental conditions are explained below. Table 6.14 provides an
overview of the factors and factor levels.

» DT: The visualisation systems were designed on the basis of two different display
technologies: (1) A high-resolution HMD based on liquid-crystal-on-silicon tech-
nology (LCoS) with two half-silvered mirrors in front of the user’s left and right
eye for stereoscopic display; (2) A high-resolution TMD using TFT technology,
as is common in German industry. The TMD was selected and adjusted so that it
corresponded as closely as possible to the specifications for the HMD. The light
intensity was set to 500 Ix at the point of the real assembly object in the working
area. The technical data of the two displays are given in Table 6.13.

* AVM: The position and orientation of the HMD can be measured in real-time using
an optical infrared tracking system. This makes it possible to calculate the user’s
viewing direction and adapt the presentation of the virtual information in the field
of view. Furthermore, the system can determine the position and orientation of
the real assembly object in front of the user. This means that virtual information
can be precisely superimposed onto the real object when the HMD is in use. No
comparable visual superimposition is possible when using the TMD since it does
not measure the position and orientation of the user’s head. Only the orientation
(rotation of the real model around the vertical axis) was measured in the real
model and adapted in the virtual model (rotation of the virtual image by 20°
around the vertical axis). Because generating a “perspective view” is technically
complex due to the tracking system, a company can only justify acquiring this if
this presentation mode significantly improves performance or reliability. For this
reason, a simple static information display was also investigated. The two factors
are therefore “perspective view” and “static view”. In the perspective view, the
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Table 6.14 The different factors and factor levels
_Factors Characteristic Examples

HMD
DT for augmented display
™D
Head
Perspective view movement
AVM
Static view e
movement
360° rotation
Rotation # !‘P’
APP
Stepby-step >
e B, -
Assembly < &, a
Decompose Compase
- o "—"\.-\.
Step-by-step k E, ’% . /Q,
DcMm

R Melode

display of the virtual assembly is adapted to the position and orientation of the
real object and, when using the HMD, appears on the left at a distance of 4 cm
from the real object. The position of the TMD was selected such that, as with the
HMD, the virtual image appears to the left of the real model. The monitor was
behind the turntable. This was intended to create as similar angle conditions as
possible. In the static view, the virtual assembly is displayed in a fixed position
relative to the monitor coordinates of the HMD or TMD. In the experiment the
virtual object was displayed in the HMD, tilted at an angle of 20° to the vertical
axis and in the third quadrant of the binocular display. In the TMD, the virtual
object was displayed tilted at an angle of 20° to the vertical axis and in the centre
of the monitor.

* APP: Before the actual error detection task, the subject was shown an a priori
display of the target state (assembly). In this case a distinction was made between
two factor levels: (1) Rotation: the complete assembly rotates 360° once, tilted
at an angle of 20° to the vertical axis and at an angular velocity of 3.2 s.; (2)

e
Exploded view a
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Fig. 6.126 Experiment configuration with turntable and HMD (/eft), experiment configuration
with monitor (right), keypad for manipulating the virtual object (fop centre), participant wearing
the HMD (bottom centre)

Assembly: the virtual model is assembled virtually in steps with a cycle time of
1.2 s. per sub-element.

* DCM: Two factors were analysed with respect to the mode for interactive manip-
ulation of the LEGO model during the error detection process: (1) Step-by-step:
the subject can independently compose and decompose the virtual model in steps,
using two buttons on a keypad (see Fig. 6.126); (2) Exploded view: the subject
can interactively explode or implode the virtual model using another button on
the keypad.

Table 6.15 also shows the types of errors that are generally relevant to error detection.
Because detecting a colour error is simpler than detecting a position error or an error in
shape or number, the experiment does not investigate colour errors. Eight different
tasks with similar degrees of difficulty were developed to analyse the remaining
error types. Two tasks contained the error “Position”, three tasks contained the error
“Type/shape”, and three tasks contained the error “Number”.

Table 6.15 Possible error types

Colour Number
_(notinvestigated) inves (investigated)
g

e &L
e &
¢ ¢
¢ &

Actual state
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Experiment Configuration

Figure 6.126 shows the main components of the visualisation systems that were used
for the experiment. The LEGO model with the assembly error that had to be detected
and identified was placed on the turntable, which was located on a conventional
assembly bench in the participants’ central field of view. Each person sat on a chair
in a comfortable upright position during the experiment. The position and orientation
of the HMD and the turntable were recorded with the smARTtrack real-time tracking
system (made by ART GmbH). The participants used a coloured pen, which was
located behind a transparent screen, to mark the incorrectly assembled LEGO brick.
As soon as the person detected the error, he/she picked up the pen, which triggered a
switch linked to the screen and recorded the time of the action. This point in time was
taken as the moment of error detection for all participants. The keys for manipulating
the virtual image were attached to a freely configurable keypad with the following
key assignment: exploded view (left), decomposition/composition (top and bottom
centre), repetition of the a priori presentation (right). The key at the top right has no
function within this series of experiments.

Experiment Procedure

The laboratory studies for the HMD and TMD were performed separately, each
with two groups of 24 participants. The same assemblies with identical errors were
used in both studies. A full-factorial experiment design with measurement repetitions
using three within-subject factors (AVM, APP, DCM) and one between-subject factor
(DT) was selected. The task for the participants consisted of comparing the state of
a real assembly object with the virtual representation on the screen (HMD, TMD)
for possible errors. The experiment procedure was split into two main phases:

1. Pre-tests and training under experiment conditions

At the start of the study, general user data (age, profession, previous experience,
etc.) were gathered using a questionnaire developed specifically for the study. Then
the participants’ visual acuity was recorded (tested in accordance with DIN 58220),
as was their stereopsis and their colour vision (using the Ishiara colour test). Since
wearing a HMD can quickly lead to visual fatigue and thus significantly influence
factors like human performance and stress (Pfendler and Schlick 2007), participants’
visual fatigue was recorded, based on Bangor (2000), using a questionnaire before
and after performance of the task. Next, participants spent ten minutes practicing
with the augmented vision system under the conditions that would be used in the
experiment.

2. Data collection
Each participant performed the following sequence eight times:
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» Starting a run using APP of the target state of the LEGO model. The virtual
sequence was presented in the participant’s field of view, without him/her being
able to see the real object.

+ Atthe end of the initial presentation, the test supervisor fastened the real assembly
object to a turntable. Participants could use the keys on the keypad to manipulate
the virtual object. They could call up the a priori presentation at any time, but
could not cancel the displayed assembly sequence. The participants’ task was
to compare the real object (actual state) with the virtual object (target state) for
differences, without knowing whether and/or how many possible assembly errors
the component contained. If they identified differences, they had to mark them
with a coloured pen. Each component had one assembly error.

» Each participant then completed the questionnaire on visual fatigue.

The total experiment, including the pre-tests, lasted roughly two hours for each
participant.

Participants

A total of 48 people (16 female and 32 male) took part in the laboratory study. All
participants satisfied the criteria of normal vision or corrected vision (visual acuity
0.8), stereopsis and colour vision. Apart from these physiological requirements, the
groups were formed according to the following criteria: homogeneous age, compa-
rable spatial perception (cube test, Liepmann et al. 2007), comparable experience
with augmented or virtual reality (AR/VR) and comparable experience of assembly.

* Group 1—HMD. The participants were between 19 and 36-years-old (MV: 26.8
years; SD: 4.4 years). 95.8% used a computer every day. 58% stated that they had
little or no experience with VR. 37.5% had experience with 3D computer games
(on average 4 hours per week playing time). The average experience in LEGO
assembly had a value of 3.0— on a scale of 0 (low) to 5 (high).

* Group 2—TMD. The participants were between 20 and 40-years-old (MV: 26.0
years; SD: 4.5). All participants used a computer every day. 64.6% stated that they
had little or no experience with virtual or augmented reality systems. 50% had
experience with 3D computer games (on average 4.7 h per week playing time).
The average experience in LEGO assembly had a value of 2.9—on a scale of 0
(low) to 5 (high).

Dependent and Independent Variables
In accordance with the experiment plan, a distinction was made between four
independent variables (see also overview in Table 6.14):

» Display type (head-mounted or table-mounted)
» Augmented vision mode (perspective or static view)
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» A priori presentation of the target state of the complete assembly model (rotation
or assembly)
* Decomposition/composition mode (step-by-step or exploded view)

The experiment measured the following dependent variables:

* Detection time: This was the time between the appearance of the real LEGO
model and the detection of the difference by the participant (max. 15 min.). The
experiment configuration measured the start and end point of this period.

* Error detection: Different cases could occur which could be represented by sepa-
rate variables: (a) The participant detects the difference (error correctly detected);
(b) The participant picks out a brick which is no different from the virtual (target)
state (error wrongly detected); (c) The participant does not find the difference
(error not detected).

* Visual fatigue: The study assumed that this sets in quite rapidly, particularly when
using a HMD. This subjective variable was therefore also included in the study.

Null Hypotheses and Statistical Analysis

The following null hypotheses were formulated:

» The display type has no significant influence on detection time (Hg;) or error
detection (Hy;).

* The augmented vision mode (Hys3), the a priori presentation of the synthetic as-
sembly information (Ho4), and the decomposition/composition mode of the virtual
model (Hos) have no significant influence on error detection time based on display
type.

* The augmented vision mode (Hyg), the a priori presentation of the synthetic as-
sembly information (Hg7), and the decomposition/composition mode of the virtual
model (Hgg) have no significant influence on the given cases of error detection
based on display type.

On the basis of the data collected, inferential-statistical analyses were carried out
using the program “Statistical Package for Social Science” (SPSS Version 17). First,
the two data sets (Group 1—HMD; Group 2—TMD) were compared with respect
to the dependent variables. A four-factorial repeated measures ANOVA was calcu-
lated with for the test of Hy, (three within-subject factors: AVM, APP, DCM; one
between-subject factor: DT). The groups were then analysed separately to identify
any differences with respect to the different visualisation and interaction modes. A
three-factorial repeated measures ANOVA was carried out for the test of hypotheses
Hys, Hos and Hys. The detection time data were log-transformed before the ANOVAs
were carried out (see Field 2005) to satisfy the qualitative requirements. The sig-
nificance level was set at « =0.05. A Kolmogorov-Smirnov test was performed to
examine the log-transformed data for normal distribution. Chi-square tests were car-
ried out to verify the hypotheses Hy,, Hog, Ho7 and Hyg using the nominally scaled
data from error detection. The significance level was again set at « =0.05.
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Fig. 6.127 Left: Error detection time for all participants, depending on the between-subject factor
DT; Right: Error detection time for all participants, depending on the within-subject factors AVM,
APP and DCM

Results and Interpretation

The log-transformed time data showed no significant deviation from the normal dis-
tribution. The mean values of the error detection time under the different experimental
conditions are shown in Figs. 6.127 and 6.128 in the form of box plots.

Error-Detection-Time Results for All Participants: On average, the error detection
time using the TMD was 27.64% shorter than with the HMD. However, this difference
is not statistically significant (F'(; 45)=3.001, p=0.090).

A comparison of the perspective and static views in AVM showed that error detec-
tion times in the perspective view were on average 23.45% shorter than with the static
view. This difference is statistically significant (F(; 45y = 8.854, p = 0.005). In the
case of the a priori presentation of the assembly information, the rotation condition
led to an average error detection time that was 9.4% shorter than under the assembly
condition. However, this difference is not significant (F(; 45y = 0.043, p = 0.837).
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Fig. 6.128 Error detection time divided between the groups in the experiment (HMD, TMD) for
the different conditions (AVM, APP, DCM)
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When the participants worked with the exploded view, the average error detec-
tion time was only 2.2% shorter than with step-by-step decomposition/composition.
Again, this is not a significant difference (F'(; 45)=0.103, p=0.749). No statistically
significant interactions were identified.

Error-Detection-Time Results for Group 1 (HMD): For the perspective view in
AVM, the study showed that error detection times were 29.61% shorter than with
the static view. This difference is statistically significant (F'(; 22)=8.088, p=0.009).
The rotation condition of the APP mode resulted in error detection times that were
on average 18.19% shorter than the alternative assembly condition, but this differ-
ence is not significant (£(1 22)=0.004, p=0.929). The average error detection times
for both conditions in the decomposition/composition mode barely differed. With
the exploded view, error detection times were an average of 2.78% shorter than
with step-by-step decomposition/composition. This is not a significant difference
(F1.22=0.001, p=0.971). No statistically significant interactions were identified.

Error-Detection-Time Results for Group 2 (TMD): For the perspective view in AVM,
error detection times were 13.07% shorter than with the static view. This difference
is not statistically significant (F(j23)=1.526, p=0.229). The assembly condition
in APP resulted in a 2.56% reduction in the average error detection time com-
pared with the rotation condition. This difference is also not statistically significant
(F1.23=0.335, p=0.568). The average error detection times for both conditions in
DCM barely differed. With the exploded view, error detection times were an average
of 2.94% lower than with step-by-step decomposition/composition. This is not a sig-
nificant difference (F(; 23 =0.148, p=0.704). No statistically significant interactions
were identified.

Error Detection Results for All Participants: The number of correctly detected errors
was 36% higher with the HMD than with the TMD. The display type significantly
influences all categories of error detection (correctly detected: p = 0.019; wrongly
detected: p=0.023; not detected: p = 0.044). With regard to AVM, the perspective
view increased the number of correctly detected errors by an average of 18.5%
compared to the static view. Compared with rotation, step-by-step assembly of the
LEGO model with the APP mode enabled the user to correctly detect 14.5% more
errors. Step-by-step decomposition/composition resulted in 10.7% more errors being
correctly detected than with the exploded view. However, these differences are not
significant. Error detection in the other two categories (error not detected or wrongly
detected) is not significantly influenced by the levels of the independent variables.

Error Detection Results for Group 1 (HMD): A comparison of the two AVMs shows
that, on average, the perspective view resulted in a 19% higher error detection prob-
ability (error correctly detected) than the static vision mode. With APP, a rotating
LEGO model enabled the user to correctly detect 16% more errors than with step-
by-step assembly. With regard to DCM, the difference in correct error detection
between step-by-step decomposition/composition and the exploded view was far
smaller (6%). The differences are not significant. Error detection in the other two
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categories (error not detected or wrongly detected) is not significantly influenced by
the levels of the independent variables.

Error Detection Results for Group 2 (TMD): A comparison of the two AVMs shows
that, on average, the perspective view resulted in a 17.4% higher error detection
probability (error correctly detected) than the static view. With APP, step-by-step
assembly of the LEGO model enabled the user to correctly detect 12.8% more errors
than with a rotating model. With regard to DCM, correct error detection in step-
by-step decomposition/composition was 17.4% higher than with the exploded view.
The differences are not significant. Error detection in the other two categories (error
not detected or wrongly detected) is not significantly influenced by the levels of the
independent variables.

Visual Fatigue Questionnaire Results: As already mentioned, the participants’ vi-
sual fatigue was recorded before the first and after the last cycle. A difference of 1
represented a subjectively perceived difference of 10% in visual fatigue. The largest
average increase in visual fatigue for Group 1 (HMD) was 1.1 for the item “headache”,
followed by 0.65 for the item “mental fatigue”. The largest average increase in Group
2 (TMD) was 0.37 for the item “mental fatigue”. The other differences are smaller
than 5% (0.5) and can therefore be ignored. The visual fatigue recorded was lower
than expected, which indicates a good ergonomic design of the augmented vision
systems. It should be pointed out, however, that the HMD was only worn for be-
tween 0.5 and 13.6 min. at a time during the experiment. The error detection phase
was always followed by a 2-3 min. recovery phase, during which participants filled
out the questionnaires (not wearing the HMD). It is expected that a longer cycle time
would significantly increase visual fatigue (Pfendler and Schlick 2007).

Discussion

Display Type The results of the series of experiments carried out here confirm the
research results of Tang et al. (2004) and Meyer et al. (2005). Using a HMD led to a
significantly higher degree of precision in error detection, but not to a significantly
shorter detection time. The lower error detection rate when using the TMD can
be attributed to participants having to frequently shift their attention between the
component and corresponding virtual model, and to the high mental strain this brings
about. Furthermore, participants had to adapt to different light intensities between
the real model and the representation on the screen. The participants consequently
tended to overlook the error and thus arrived more quickly at a decision as to whether
or not an error existed.

Augmented Vision Mode Compared to the static view, AVM with perspective view
resulted in a shorter average error detection time for both groups. The perspective
view did, however, have less influence on the error detection time when using the
TMD. The difference between the two modes was not significant here. The perspec-
tive view resulted on average in more correctly and less wrongly detected errors.
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Nevertheless, these differences were not significant in either group, which means the
data analysis provided no statistically clear proof of a speed/accuracy trade-off.

The difference between the perspective and the static views—irrespective of the
display used—is attributable to higher mental strain in the static view. In this view,
the user frequently has to mentally rotate the virtual model during the error detection
phase, which is a strenuous and time-consuming central process. Since Shepard and
Metzler (1971) published their classic work, we know that people’s reaction times in
comparing and deciding whether or not two items are identical are proportional to the
rotation angle between the two representations. The study confirmed this relation-
ship. Reaction times increase as the objects presented become more complex (Funke
and Frensch 2006). The perspective view allows users to make a direct perceptive
comparison between the target and the actual assembly state, without drawing on
important mental resources for rotation or translation.

As already mentioned, in the perspectively modified mode when using the HMD,
the presentation of the virtual object is tracked if the turntable is rotated (vertical axis)
or if the user moves his/her head (other axes). By contrast, the TMD only rotates
the virtual object (vertical axis) if the turntable is rotated. These different degrees
of perspective adaptation are probably the reason for the differences in performance
and reliability between the perspective view and the static view in Group 2 (TMD).
However, the differences are not significant.

A priori Presentation With APP, a shorter error detection time in rotation mode
was observed for both groups. Using the HMD resulted in a shorter average error
detection time, but correct error detection was lower than with step-by-step assembly.
In other words, a tendency towards a speed/accuracy trade-off was observed here. The
average error detection time when using the TMD was practically identical (~ 2%) in
both rotation and step-by-step assembly. However, step-by-step assembly resulted in
fewer correctly detected errors. Unlike the rotation sequence, the assembly sequence
of the assembly object allowed participants to create a precise mental model of the
product structure and the assembly procedure. Rotating the virtual model, which
avoided the strain of mental rotation as already mentioned, resulted in faster but less
reliable error detection.

Decomposition/Composition Mode In DCM, the exploded view allowed the user to
switch quickly between a fully assembled product structure and an exploded view
of a product structure, and to create a precise representation in their visual-spatial
memory. However, in the step-by-step mode—particularly the assembly (bottom-
up)—it took a certain time before participants detected the error. Nevertheless, and
contrary to the expectation, only a very small time advantage of ~ 3% for the exploded
view was observed in both groups. This appears to be due to the effects of overlapping,
which make the exact localisation of the error more difficult. Correct error detection
in the exploded view was lower than with step-by-step decomposition/composition.
Consequently, the rate of wrongly detected errors and errors not detected was higher,
but these differences are not significant.

Based on the results of this study, the head-mounted stereoscopic vision system
was further developed to support the user in remedying the assembly error once it has
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been identified. Interactive graphic decomposition is possible here (Odenthal et al.
2011). A further study is in preparation (parts have already been conducted) that will
compare different modes of visual assistance in the development of a cooperative
human-robot decomposition strategy with regard to performance, reliability and
mental strain.

6.6.5 Industrial Relevance

The concept of generic strategies first introduced by Porter in 1980 (Porter 2004) pro-
vides three strategies that a company can use to achieve a competitive advantage over
its rivals. The cost-leadership strategy aims to gain a competitive advantage by keep-
ing costs down. To do so, companies can adopt a number of different approaches (see
Mintzberg et al. 2004), which may have opposing characteristics—e.g. economies
of scale and scope. The differentiation strategy is about developing a unique selling
point using factors like image, service or design. With the focus strategy, a company
focuses on a very specific customer group or market segment, although it might
also focus on differentiation or cost-leadership. A company in a high-wage country
produces new products domestically and pursues a strategy of differentiation. Later
in the product life cycle, however, it is very likely to move production to a low-wage
country to pursue the cost-leadership strategy because other providers are flooding
the market to benefit from the economic success of the product. The same applies to
the focus strategy, which must undergo the same change.

The concepts and technologies for cognitive automation described in this paper
make it possible—by taking targeted action on the polylemma of production—to
adopt a position between Porter’s strategies. A Business and Technology Case pro-
vided the opportunity to put the results into practice for the first time, as a prototype
application. For this purpose concepts already tested with the demonstrator cell
were simulated, in collaboration with connection technology manufacturer Phoenix
Contact, in a real scenario involving switch-cabinet production.

In addition to final assembly in its mass-production-style manufacturing system,
Phoenix Contact operates a customer-driven switch-cabinet assembly system. This
involves assembling switch-cabinet components (control units, terminals, etc.) in
configurations pre-planned by the customer, mounting them onto top-hat sections
and passing them on as completed modules to switch-cabinet production (module
assembly). Figure 6.129 shows an example of this system.

Fig. 6.129 Assembling switch-cabinet components on a top-hat section
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Individual components must be mounted with additional plug combinations. The
different mounting configurations planned are available as CAD data, as required
by the CCU. The relevant mounting requirements are usually printed out, and em-
ployees then manually assemble the components on the top-hat sections. Next, even
today, an image-processing-supported comparison is made between the mounting
requirements and what has actually been mounted on the top-hat section.

Because the target is already available in electronic format, cognitively automating
the process could bring considerable economic benefits in the future. The main
challenges this involves are as follows:

* Building a continuous chain of information from the CAD system to the assembly
system

» Making available robust and productive system components and joining processes
for module assembly (handling devices, joining processes and aids for plugging,
clamping and, if necessary, screwing)

» Applying logistical components and concepts for fitting the switch-cabinet
components at the right time and in the right quantity

» Developing control concepts for establishing the ideal assembly sequence and for
carrying out the assembly task itself

* Ensuring that sensors monitor the actual mounting situation and that human
operators take corrective action in the case of errors

The switch-cabinet scenario bears strong similarities to the demonstrator-cell sce-
nario. The following correlations are relevant to the transferability of the developed
concepts:

* Defined workpieces: The LEGO scenario involves fitting a large number of
building bricks from the whole range. The product specification means that
all characteristics relevant to assembly—such as dimensions, tolerances, and
colour—are known. Unfamiliar bricks or bricks that do not fit the boundary con-
ditions for assembly are not fed in. The modules in the switch-cabinet assembly
scenario correspond to the LEGO characteristics described. The modules are also
precisely specified and are only fed in after quality control. Just like any LEGO
bricks fed in by accident, any modules erroneously fed in can be separated out or,
if they are to be assembled later or at another stage, they can be stored or fitted.

» Flexible handling technology: The flexible gripper hand installed in the demon-
strator cell was chosen for two reasons: it could grasp a LEGO brick using a
variety of grips depending on the assembly situation, and if the assembly sce-
nario changed in any way, it could grip and join other workpieces with unfamiliar
shapes. The gripper hand’s seven axes and its push-button sensors mean that it
could also assemble the switch-cabinet modules.

* Production logistics: As in the previously described scenario, the components in
switch-cabinet production must be fed in individually. The demonstrator cell uses
arobot to do this, along with a group of conveyor belts with photoelectric sensors
and switches. A similar logistics system would also be suitable for feeding in
modules for switch-cabinet assembly.



942 R. Schmitt et al.

* Individual configuration according to objective: A particular challenge for the
demonstrator cell involves planning and executing assembly processes that are
unknown at the time of development. The definition of the target—i.e. the de-
scription of the assembly to be assembled—is provided for each assembly in the
form of CAD data, which are used to establish the necessary assembly processes.
Phoenix Contact produces a description of the components to be assembled for
each customer-specific switch-cabinet. In the automated switch-cabinet assem-
bly, the assembly system is responsible for feeding in the required components
and for the assembly sequence. The case under discussion also showed that the
system can be controlled using a cognitive controller.

6.6.6 Future Research Topics

Future research work should aim to achieve higher degrees and levels of cognition
in production systems. In doing so, it should pay particular attention to topics re-
lating to cognitive functions and technologies for fast set-up, fast start-up, flexible
scalability of throughput, and to the possibility of cooperative cellular systems. Re-
searchers must also address the question of how to construct cognitively automated
production so that it is as versatile as possible and can be operated efficiently, safely
and sustainably, even in the rapidly changing environment of a high-wage country
like Germany. Within this context, it is especially important to integrate humans and
their superior cognitive, perceptive and sensorimotor skills.

Industrial production often uses production lines with sequentially linked stations.
Each station carries out the production-process steps assigned to it and then passes
the (sub)product on to the next station. The only way to compensate for failures and
delays at a station is by using buffers. In extreme cases, failures and delays can bring
the entire system to a standstill. Using cooperative, cognitively automated cells and
control structures can make the production system more error-tolerant and flexible.
A shortage of materials, a broken tool, or delays would only minimally affect overall
production, because the system would be able to dynamically adapt the production
flow and have other CCUs take over certain production steps. Figure 6.130 shows a
diagram of how this kind of process chain made up of cognitively automated cells
might look.

The configuration of the process chain pictured here is based on the chaku-chaku
principle (literally load-load in Japanese), also known as the “one-piece-flow sys-
tem”. In its original form, this system involves all stations producing more or less
autonomously, and a human operator simply transports the parts from station to sta-
tion. The principle can achieve a high level of flexibility when it comes to handling
variants and fluctuations in production, and at the same time it can reduce processing
times and space requirements. A classic chaku-chaku line is generally based on a
high degree of automation and a linear-cyclical linkage, in which humans simply
perform “residual tasks” that offer almost no scope for making decisions or taking
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Fig. 6.130 Schematic construction of a cognitively automated process chain

action. Frieling and Striter (2009) have investigated the productivity of such assem-
bly systems and the health risks they pose to employees. Initial research findings
from the samples they examined indicate that this kind of activity can have harmful
effects on employees’ mental workload (monotony and fatigue). This is presum-
ably the result of highly repetitive assembly tasks and the lack of job rotation in the
assembly concept (Enriquez Diaz et al. 2010)

To counteract the disadvantages of the chaku-chaku principle, future proposals
should focus on parallelising and integrating tasks within the cells and on allowing
humans to interact with cognitively automated systems in an ergonomic way. Looking
at a single cognitive cell within the process chain, and based on Fig. 6.131, we can
identify the following possibilities for processing a blank, a semi-finished product
or a finished product:

 Fully-automated process: Feed-in, processing and feed-out happen automatically
within the cell. Humans monitor and optimise the production process.

» Cooperative, partially automated process without removal: Feed-in and partial
processing happen automatically. A human is required to manually perform some
of the processing. To do so, the part in question is transported to the human
operator’s workspace, without leaving the secure, controlled area of the cell.
While this is happening the cell can do nothing else. Once the human operator
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Fig. 6.131 Schematic construction of a cell in the cognitive process chain

has completed the manual work, the conveyor system takes the part through the
remaining automated processing steps, the measuring and checking tasks, and on
to feed-out.

» Cooperative, partially automated process with removal: Feed-in and part of the
processing happen automatically. A human is required to manually perform some
of the processing. To do so, the part in question is transported out of the cell to
a manual workspace. The part is now outside the secure, controlled area of the
cell, so the cell is free to carry out other tasks while the part is being manually
processed. Once the human operator has completed the manual work, he/she feeds
the part back into the cell, and the conveyor system takes it through the remaining
automated processing steps and on to feed-out.

If the blank, semi-finished product or finished product does not require processing
in a particular cell, the integrated automated conveyor system can make it skip that
cell.

This concept requires research into the following:

» New concepts and technologies that allow cooperative CCUs to coordinate and
communicate material requirements, process statuses and capacities.

» Cooperative planning algorithms that can dynamically respond to changes and
adapt the behaviour of individual CCUs to keep the performance, reliability and
safety of the overall system at an optimal level. Several concepts can achieve
this: CCUs can coordinate directly with one another, or hierarchically structured
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“meta CCUs” can perform higher-level planning tasks. The algorithms must be
able to take into account limited availability of common resources, availability of
materials, and the flow of products.

This kind of system also makes it possible to integrate the specific skills of a
human operator into the production process. Thus, using higher-level planning,
work tasks that due to their complexity require a minimum level of experience
can be assigned to the person best suited to the job. Furthermore, training and
qualification processes can be carried out during periods when regular operations
are slow (embedded training). This means that individualised production does
not just apply to individualised products; it also refers to adapting production
to the individual employees involved. Particularly in light of today’s changing
demographics, these kinds of systems could take physical impairments into ac-
count in production planning and execution and thereby offer staff support that is
specifically targeted to their needs.

Given the many transfer points within the system, another field of research activi-
ties involves developing ergonomic designs for human-machine interaction. Because
production is so varied and normally controlled by demand, one cannot assume that
one fixed process model will emerge that humans can use for orientation. This under-
scores the necessity that human-machine interaction is safe and that it conforms to
human expectations. Future research work should therefore investigate the following
questions:

To what extent can a cognitively ergonomic display of system status—e.g. a
dynamic, multi-level flow diagram rather than the abstract, schematic displays
that are common in today’s control stations—increase system transparency, par-
ticularly given the fact that a human operator has to manage several cells and
segments at once? Because the research focus in this case is not limited to in-
tervening when errors arise, scientists need to develop additional concepts and
methods for intuitively monitoring normal operation.

How can targeted variations in a robot’s motion sequences, in the sense
of anthropomorphic kinematics and dynamics in the cell, inform the human
operator—quickly, reliably and in a way that optimally responds to operational
demands—that a transfer is coming up?

Can anthropometric variables be integrated into overall system planning in such
a way as to allow individual, ergonomic adaptation of things like transfer or
processing points? How much flexibility do these points offer in terms of adapting
to something like an unexpected staff absence?

Can occupational safety aspects be taken into account during planning—e.g. by
integrating an individual biomechanical model of the human operator—so that
things like loads and torque are not set as standard, but are adapted to the specific
human operator?

In conclusion, it is clear that a cognitive planning and control unit in the form of
the detailed CCU concept described in this paper only provides a small example of
what cognitively automated systems will be able to achieve in the field of production.
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Looking at the process chain as a whole, it is already possible to use cognitive mech-
anisms to comprehensively optimise a system beyond the boundaries of existing
tolerance areas. Using a targeted combination of components—known as cognitive
tolerance matching (Schmitt et al. 2009b, see Sect. 6.2.4.3)—it is also possible to
improve the quality of product. Taken together, the methods and systems developed
so far offer companies in high wage countries in particular the chance to achieve
considerable competitive advantages. By using cognitive mechanisms in automa-
tion, these companies can directly contribute to securing and expanding production
locations in those countries.

6.7 Reconfigurable Assembly Systems for Handling
Large Components

Burkhard Corves, Rainer Miiller, Martin Esser, Mathias Hiising, Markus Janf3en,
Martin Riedel and Matthias Vette

This chapter presents the results of the subproject “Reconfigurable self-optimising
component handling”, part of the Cluster of Excellence in the integrative cluster
domain of “Self-optimising production systems”. The Chair of Assembly Systems,
Laboratory for Machine Tools and Production Engineering (WZL) is involved in the
project as well as the Department of Mechanism Theory and Dynamics of Machines
(IGM) of RWTH Aachen University.

6.7.1 Challenge

The project is motivated by fundamental changes in the operating framework for
manufacturing companies in recent years. Reasons for increasing complexity and
dynamics within these companies and in the industrial environment are not only
increasing globalisation, but also the fast pace at which technology is developing
and the altered resources situation (Moller 2008; Miiller et al. 2009b). The conse-
quences of this include the even greater shortening of product lifecycles, the persistent
increase in the number of product variants and the constant pressure to reduce man-
ufacturing costs (Lotter 2006). Assembly systems that are reconfigurable for the
specific purpose are a highly promising approach in the conflict between achieving
individualised production on the one hand and cost-reducing automation on the other.

Given this scenario, a current focus is the handling of large components that some-
times possess only little inherent rigidity. Such components are used in aerospace
engineering for example, in shipbuilding and wind power installations. In aircraft
construction in particular, we see increasingly large shell elements of CFRP materials
being used for fuselages (Fig. 6.132) (Licha 2003).
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Fig. 6.132 Airbus A350 XWB sections 16/18 and 13/14. (Source: Premium AEROTEC GmbH
2011)

Especially for these components you have to consider that only limited forces may
be applied to the component when it is handled. This also calls for high accuracy and
an adequately large workspace. To satisfy these requirements, large jigs and fixtures
are used for handling, specially matched to the particular component, and making
a system highly inflexible and costly. A separate jig or fixture has to be constructed
and provided in sufficient numbers for each component. The situation is complicated
even more by the fact that the individual structural elements of an aircraft differ very
much in shape, size and the position in which they are fitted, which will in most
cases prohibit the use of a general-purpose jig or fixture.

The large variety of components and their application consequently necessitates
an assembly system that can be expanded and reconfigured for the purpose. The
assembly system must be scalable and universally applicable to respond to a changing
economic and technical situation. To make automation economically attractive for
assembling smaller production series too, it must be possible to ramp up a system
again quickly after its reconfiguration to avoid the cost of long downtimes.

The approach taken here consists in composing an assembly platform (Fig. 6.133)
to match the illustrated requirements. Different modules can be combined to
implement the required assembly tasks and functions.

6.7.2 State of the Art

Industrial production shops are in many cases characterised by automated assembly
processes. The degree of automation is relatively high in particular for small to
medium-sized products in series production. However, this degree of automation
becomes less as the size and complexity of assemblies and the scale of joining
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operations and processes increase. Large components in the aerospace industry for
example, in shipbuilding and the construction of rail vehicles are for the most part
assembled manually, supported by jigs and fixtures. The reasons for what seems to
be a technical lag are to be found in the nature of the product to be assembled and
high technical demands when it comes to accuracy and accessibility of the joints
(Stepanek 2007).

Large components in particular frequently have little rigidity before they are as-
sembled, so the force of gravity alone can cause inadmissible deformation, meaning
that components must be picked up and supported at a number of points when han-
dled. The task of the system includes joining components in addition to transporting
and feeding them on a line. The joint tolerances may be just a few tenths of a mil-
limetre while the components themselves are anything between ten and thirty meters
(Wollnack and Stepanek 2004).

To complicate things more, the components are very different and are only manu-
factured in relatively small numbers, resulting in a whole number of high-investment
stations and large space requirement when it comes to rigidly automated systems.
This trend is especially noticeable in aircraft assembly where aircraft are sometimes
manufactured for a number of decades using one assembly system. Here you gen-
erally find product-specific jigs and fixtures that not only ensure correct joining of
the assembled objects by defined geometrical, functional elements but also support
proper shaping of the components.

High investment costs and the long product life cycles of the assembly systems
hinder the continuing development of new assembly technologies. In part, assembly
systems are used for several decades. The introduction of new assembly technologies
is frequently tied to the introduction of new products or variants, the result of which,
in aircraft production, is long innovation cycles. But these, in most cases rigid sys-
tems are unsuitable for new market demands like individually matched and quickly
available product variants. Instead a flexible system is needed that can respond to
customer requirements without huge investment.

Motivated by the drawbacks of jig and fixture-oriented assembly of large compo-
nents, new approaches are sought to make the assembly of large components more
flexible and be able to automate it. This is a context in which the aerospace industry
assumes a leading role.
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One approach to reducing product-specific jigs and fixtures, means of fastening,
clamping and the like in aircraft structural assembly is the use of linear actuators
(Fig. 6.134). The shell elements of the aircraft fuselage are taken up by a number
of linear actuators and fed to the joining station. This increases flexibility compared
to jig and fixture-oriented assembly systems. The configuration of the actuators is
specified however, and workspace is limited.

The use of robot systems can further increase flexibility for automated assembly
of large components in changing applications. Cooperating robots enable the imple-
mentation of highly flexible assembly cells. By resetting and reprogramming it is
then possible to use cooperating industrial robots for different purposes. Inflexible
jigs and fixtures to handle large components can be omitted because the component
can be grasped and supported at different points by multiple robots.

But there are still a number of drawbacks associated with the use of cooperat-
ing robots. In addition to the high price of industrial robots there is, in particular,
the time taken up by programming, or shutdowns needed for conversion and new
programming.

Two concepts have emerged to date to control cooperating robots. Some manu-
facturers use a system in which a master controller consisting of a control computer
and drive components is expanded by additional drive components for each extra
robot (Fig. 6.135). The advantage of having just one control computer (i.e. single
controller solution or SCS) is that the extra cost for each additional robot is very
much less than if each robot had a fully featured controller with computer and drive
modules (Bredin 2005). The disadvantage is that the system cannot be composed
in any random way because a powerful central processor is always needed. There
are also restrictions when it comes to achieving single operations of the handling
modules, for feeding purposes for example.

Contrasting with this is a control concept in which each robot possesses a fully
featured controller and there are consequently a number of computers available in
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the robot network (i.e. multiple controller solution or MCS). This concept can in-
volve higher investment costs because each robot has its own complete controller.
The additional computing power means that significantly more robots are able to
cooperate. Despite a high-speed Ethernet connection the number of robots is still
limited to 15 units (Kuka 2011a).

In an application with cooperating robots three operating modes are distinguished.
In the simplest mode all robots act independently of one another but in overlapping
workspace. One example is pick & place tasks where there is no direct interaction
between the robots.

Other applications may require synchronised motion, i.e. where robots synchro-
nise at certain points along a programmed trajectory. This makes sense, for instance,
when one robot brings a component into a position for machining by a second
robot. The situation requires coordination between the robots so that one can tell
the other that a component has reached the position for machining, for example, or
that machining is completed.

Precise path control of all robots is essential for coordinated motion, e.g. when
they jointly move an object, because path deviations could result in deformation of
or damage to a component. So the response of robots must be modelled as precisely
as possible in the controller system. The single paths must also be generated at a fast
interpolation rate to minimise path deviations between the computed interpolation
points (Stoddard et al. 2004; Feldmann et al. 2007).

The programming of cooperating robots is independent of the hardware concept
and similar for all operating modes. Each robot is invested with its own program,
which is partly or entirely independent of the programs of the other robots. The robot
can change between the operating modes within the program and coordinates with
the other robots through the coordinate system of a master robot.
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The disadvantage of this programming concept is that each robot possesses its
own application-specific program that has to be configured for each new applica-
tion. A high number of robots and frequent changes in work content mean a large
programming effort, calling for more efficient concepts.

A further problem is the accuracy of robot systems. The position errors that appear
are often kinematic in nature. They are caused by deviations between real system
performance and the calculation model that is used.

The kinematics of a robot are frequently identified and modelled with inadequate
precision. Instead of robot-specific calculation models, nominal models are used that
do not correspond accurately to the genuine kinematics.

The length of robot components can vary as a result of production and measure-
ment errors. A further error source is the position of rotary axes in relation to one
another. There may be deviations in position if robot axes according to the model are
not precisely parallel or at right angles to one another. In addition to axial position
errors and deviations in length, another source of error is the zero positions of robot
axes, which depending on kinematics may lead to a position and/or orientation error.

CAD data is used to model the other resources of the assembly system. Here too,
assembly and manufacturing tolerances are not taken into consideration. Special
importance attaches in reconfigurable systems to the position of the industrial robot,
of the process station and of the handling object. When setting up heavy resources in
particular, deviations of several millimeters may occur, as a result of which functional
tolerances are no longer maintained.

Consequently these error effects must be measured and identified after assembly,
a modification or repair, and taken into account appropriately in the model or for
programming.

6.7.3 Research Questions

The aim is consequently to develop an assembly platform for reconfigurable self-
optimising component handling that can be composed for differing handling purposes
by a modular, versatile structure. It consists of multiple simple handling modules
that are compact in shape and low in weight to allow fast reconfiguration. Use in a
multiple-arm combination permits in particular the efficient handling of large-area
components.

Two scientific questions, describing the individual tasks in more detail and al-
lowing a target-oriented approach, were outlined for each of the four focal subjects
presented in Fig. 6.136.

Under the heading “Design of versatile assembly units” those questions are re-
solved relating to the development of a reconfigurable handling system, covering
kinematic reconfiguration of the hardware and the management of mechanical, elec-
tronic and software interfaces. To keep interface management as simple as possible,
the approach consists in designing each module so that it is mechatronically self-
contained, and in featuring it with ready defined interfaces so that it can be part of a
mechatronic building set.
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The subject “Control concept” deals with controlling and programming the modu-
lar handling system. This covers considerations of data storage within control, which
must be managed decentrally at module level (e.g. transaction sets) on the one hand
and centrally in a superordinate controlling instance (e.g. coordination of modules)
on the other. Depending on the drive configuration the handling system can work
both statically determined, i.e. with a total of six driven axes, and over-defined with
further axes. A concept is devised by which both over-defined and exactly defined
handling and multi-robot systems are simply programmed by specifying a path for
the component from which the movements of every single handling module are
indirectly derived.

The subject “Self-optimisation” looks at featuring the handling system with ad-
ditional functions that support the user in planning the right movement and creating
a suitable system configuration. To optimise movement, the trajectory of the com-
ponent is analysed with computer support and subsequently adapted by the user
interactively. Optimal system configurations can be calculated by an algorithm that
optimises different weighting criteria, e.g. maximum drive speed, moment or accu-
racy, with reference to specified limits and thus determines the positions of the basic
or reach coordinates for each handling unit.

“Configuration identification” means identifying the particular system config-
uration by means of measurement technology. After executing special movement
patterns, the positions of the individual handling devices can be determined and
deviations that appear in structuring the system can be compensated in control. Cal-
ibration of the handling devices is also provided to determine the exact kinematic
parameters and match the calculation models. This is necessary to achieve maximum
positioning accuracy of the robots.
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6.7.4 Results

6.7.4.1 Idea of a New Handling System

Robot systems are often chosen to create the flexibility needed in an automated
assembly used for changing applications. Cooperating robots are a solution for
implementing flexible assembly cells. By reconfiguring and reprogramming it is
possible to use industrial robots for different purposes. Drawbacks are the high
purchase price of industrial robots and the complex programming. The need for syn-
chronised path control, which also results in substantial setup time, means that such
robot systems are often not an economical solution.

Against this background a new kind of handling strategy was developed that
enables cooperative handling by simple handling modules and without elaborate
setup procedures.

The handling method produced by this concept distinguishes three movement
phases: coordinated movement, approaching movement and retracting movement.
During coordinated movement, analogous to coordinated robots, multiple handling
devices are joined to the component in a multiple-arm combination. Unlike con-
ventional cooperating robots, the wrist axes are passive. During approaching and
retracting movement the handling devices work autonomously and behave like
separate mechanisms.

To implement this handling concept, and based on groundwork performed by the
Department of Mechanism Theory and Dynamics of Machines (IGM), a suitable
handling device was developed with six degrees of freedom (Fig. 6.137) (Miiller
et al. 2010).

The kinematic structure of the handling device corresponds to that of a vertical
jointed-arm robot. A parallel double crank drives the third axis to apply the weight
and inertia of the motor to the robot base. The wrist takes the form of a central
hand and, unlike industrial robots, consists of three passive joints. In addition to the
monetary saving by reducing the drive concept to only three active principal axes and
three passive secondary axes, the handling device is lightweight and can be shifted
by one operator without extra aids. The active degrees of freedom of the robot make
it possible to join to the component by a certain grasp movement through a suitable
contact element (magnetic or vacuum). The drives of the principal axes are actuated

kinematic
device

wrist with
vacuum gripper

Fig. 6.137 Handling device
with three active principal
axes and three passive
secondary axes
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during the cooperating movement. The movement of the joint axes results from the
kinematic structure of the multiple-arm combination, i.e. the wrists track passively.

In assembly platforms with multiple handling devices in particular, the economic
advantage that results from reducing the active drives is considerable, because both
the number of motors and the inertia plus complexity of the robot hand are very much
reduced.

6.7.4.2 Steps of Reconfigurability

The wide-ranging field of use and the adaptability of the assembly platform to
changing applications are achieved by multiple steps of system reconfigurability
(Fig. 6.138). The usual boundaries such as workspace and choice of component or
application are dissolved to produce an adaptable system that is reconfigurable and
universally applicable.

The first step of reconfigurability is realised by altering the grasp-points on the
object. This may be necessary if the planned object path leads to collisions be-
tween individual handling modules. Furthermore, rearrangement of the grasp-points
is called for when the component changes. The second step of reconfiguration is re-
location of the handling units within the assembly platform to design the workspace.
The third step of reconfiguration involves enlarging or reducing the system by a
number of handling devices. If more arm units are available in the layout than object
handling requires, the object can be passed from one arm combination to the next.
This re-grasping enables to re-design the workspace even during continuous object
movement. Large translational object manipulations become possible, as well as
unlimited object rotations about any arbitrary axis.

6.7.4.3 Mechatronic Modularisation of the Handling System

The prerequisite for these reconfiguration possibilities is seamless mechatronic mod-
ularisation of the handling system. Initially, module limits were defined to mark the

reconfiguration of
gripping situation

addition or removal
of modules

Fig. 6.138 Multiple steps of
reconfigurability of an
assembly platform

reconfiguration of
module position
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capabilities of a handling unit. In general terms, a module should exhibit a certain
degree of autonomy, i.e. not be dependent on other modules, to prevent any meshed
associations between modules and enable them to be exchanged as quickly as needed.
Associated with this is the requirement to be able to assemble and start up a module
in advance to ensure a fast restart upon replacement or reconfiguration. To satisfy
these requirements it is consequently important that each handling device should be
mechanically independent and also possess its own control, meaning mechatronic
modularisation of the handling device. In addition to mechanical interfacing, simple
control interfaces in particular are needed to ensure reconfigurability and scalability
of the overall system.

To create appropriate mechanical interfacing of the handling module, the first three
driving axes of the prototype were configured for simple conversion. The drives of
the first axes were arranged coaxially to the particular rotary axis and the drive of
the first principal axis positioned between the members of the handling device so
that the latter can be set up on a baseplate. This is attached in the assembly cell by
a drilling pattern. So the handling devices can be positioned in the same plane and
extra degrees of freedom are provided for reconfiguration.

A further mechanical interface is the design of the wrist. Depending on the ap-
plication, different solutions are conceivable for implementation of the handling
module. Examples in the field of aircraft structure assembly are vacuum grippers
(Fig. 6.139) or ball joints to handle large components.

The control of a handling module must possess functionality to control the drives,
a local safety system, path interpolation and communication functions. Given the
decentral control functions, the handling modules are designed so that they can be
operated both autonomously and decentrally in association with a central controller.
The assembly platform can thus be configured to requirement and reconfigured after
completing an application.

Each handling module consists of a decentral control, a handling device with the
mechanical structure, the servo drives and servo amplifiers.

The central module coordinates the assembly system and is responsible for cross-
board functions such as communication and safety functions. Figure 6.140 is a
schematic diagram of the related control system with the central module and the
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Fig. 6.140 Control architecture of the assembly platform

decentral handling devices. A simulation PC is also integrated that is responsible for
optimisation functions in configuration planning and visualisation.

In addition to the mechanical interfaces of the handling device, the electrical and
software interfaces were designed so that the system can be reconfigured fast without
elaborate wiring (Fig. 6.141). The electric circuitry of each module was encapsulated
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Fig. 6.141 Control concept of assembly platform with central module and decentral handling
modules
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in a separate cabinet and is self-contained. To connect the modules, different connec-
tors were integrated in the central module and in the decentral handling modules to
supply the decentral modules with power, enable communication with the decentral
modules and connect the different emergency-off systems.

6.7.4.4 Grasp and Configuration Planning

Modularisation and reconfigurability generate new degrees of freedom. The recon-
figuration steps give the user a variety of possibilities for configuring the assembly
platform. But this major advantage compared to conventional rigid systems will only
produce benefits in terms of efficiency and cost-effectiveness if both reconfiguration
itself and the planning of an optimal configuration can be performed simply and fast.
In addition to the accessibility of the grasp-points, stiffness, accuracy, load capacity
and velocity transmission along the object motion must be considered as optimising
criteria to find the optimal robot configuration.

A number of optimising tools were developed for this purpose, to automatically
determine the additional adaptable degrees of freedom of the system, and thus to
propose a possible configuration to suit the given application. In this way the assembly
system is optimally reconfigured for a new application without prior testing.

Determination of grasp-points is automatically performed before each manipula-
tion and has a large influence on the workspace of the object as well as the kinetostatic
performances of the handling system, e.g. load capacity, stiffness or accuracy.

The handling devices used here possess a degree of freedom of F =6, but unlike
conventional industrial robots only three degrees of freedom are actuated. To be able
to position and orient an object in the complete workspace, a handling system must
have at least six actuated degrees of freedom. The handling concept is based on the
combined working of multiple handling devices, so the system is even over-defined
during cooperating component handling with three handling devices and a total of
nine active driven joints. Further reduction of the number of drives at each individual
handling device makes little sense because these three active degrees of freedom are
needed to be able to grasp the object independently. The economic advantages com-
pared to three cooperating robots with 18 active axes are nevertheless considerable
because the concept used here saves nine drive units in this configuration.

This under-actuation of a separate handling device must be considered in grasp
planning and performance however. The grasping pattern was consequently analysed
in detail. The wrist features a spherical architecture with three serially arranged
rotational joints whose axes intersect at one point. Figures 6.142 and 6.143 show a
detailed view of the kinematic structure including terms and angles plus the prototype
of a magnetic gripper.

Alignment of the contact element, e.g. an electromagnet or vacuum gripper, is
passive upon contact with the surface of the object. Until contact with the object the
joint is positioned centrally by spring forces. The sequence of a grasping operation
with passive joint movement about the hand axes ag and «g is shown in Fig. 6.144.
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By experiments on a test bench for grasping movements and suitable mathematical
models, it was possible to identify and optimise the parameters that are decisive for a
good grasp pattern. In (Riedel et al. 2010a) it is shown that the area where the object
could be placed on the ground and be grasped successfully can be multiplied almost
tenfold by several optimisations concerning the grasp-process and the design of the
wrist (Fig. 6.145).

Fig. 6.144 Passive alignment of wrist joint when grasping
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Fig. 6.145 Improvement of
the grasp process

contact element adaptation
(higher edge friction)

deflection of axis R
(low cost micro stepping motor)

circular feeding movement
at the end of the grasping process

Taking a configuration for handling a cube-shaped object with magnetic grippers
as an example, it was possible to expand the grasp area, which initially was only in
the middle of the workspace (Fig. 6.146a), to the entire workspace at the level of the
ground layer (Fig. 6.146b).

The major influencing variables are edge friction of the contact element and
the grasp movement of the wrist. Spatial circular guidance of the wrist by the re-
gional structure contributes very much to improving the complete grasp process.
This circular path begins where the contact element sets down on the surface and is
perpendicular to the joint axis egy of the wrist. The entire path of the wrists is shown
in Fig. 6.147.

300 300
200 200
Positive grasp area
100 100
T E
E o E o
> >
-100 =100
-200 Workspace area -200
-300 Z2.=550mm -300 Z.=550mm
-300 -200 100 _ 0 100 200 300 -800 —200 -100 0 100 200 300
X, [mm] X [mm]

Fig. 6.146 Comparison of areas in which an object can be properly grasped. Left: grasp area before
optimisation; right: grasp area after optimisation
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Fig. 6.147 Visualisation of grasp movement with circular track

Searching for and defining suitable grasp-points is performed by an optimis-
ing algorithm that is detailed in (Riedel et al. 2010b) and satisfies the following
requirements:

* Optimisation of the grasp-points must consider the specific grasping pattern of
the passive wrist.

» Grasp-points can only be selected and assessed correctly and meaningfully in a
combination of the arms.

» Specification of a set of possible grasp-points or areas must be variable so that
new objects can be integrated fast and simply.

» The user must be able to specify the objective of optimisation, e.g. minimal cycle
time or maximum accuracy.

The possible grasp areas are given in the form of a set of discrete points or over
continuous surfaces. Just nine points per face of a cuboid produce 148824 (54!/51!)
possibilities of combination for the handling devices. Analysing each combination is
not efficient. Consequently a smart and highly effective method of pre-selection was
developed that first analyses only geometric information of the individual points.
These include:

» It must be possible to grasp the point regarding the characteristics of the passive
grasp process.

* The point must be within range of the handling device during the entire movement.

+ All drive and joint angles must meet their permissible motion range during object
manipulation.

Working through this sequence soon leads to exclusion of many of the points. Those
points which fulfil the workspace conditions are comprised into a new set of possible
combinations. The suitability of the combinations is examined at discrete points along
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the path, in that either the kinetostatic criteria allow a relative comparison between
the solutions, or absolute performance data are evaluated by means of the dynamic
model. If a combination of grasp-points satisfies all performance requirements, it
goes into the final selection group. From this group the solution is then chosen that
profiles best the user’s needs. Figure 6.148 illustrates the flowchart for preselection
for grasp-point optimisation.

If an object is mapped over continuous surfaces, a gradient-based method of
optimisation can be used from dimensional synthesis in slightly modified form. The
entire procedure of planning grasp-points is illustrated in Fig. 6.149.

The results of the different approaches to optimising are presented in
Table 6.16. The first four solutions are selected manually, the next three (E through
G) from a set of discrete points, and the last three (H through J) were optimised over
a continuous surface.

The unsupported selection of grasp-points can easily produce unsatisfactory re-
sults. The cases show that grasp-points which were manually selected require too
high driving torques (A), result in an undesirably large positioning error (B), can be
grasped but violate the workspace condition during movement (C), or cannot even
be grasped at all (D).

The automatic planning of grasp-points prevents these cases. In (E) all 148.824
combinations were evaluated, taking more than 12 min. of calculation. (F) uses smart
preselection, so it considers all possible combinations and finds the best solution in the
field after just half a second. Applications that are more time-critical can use search
method (G), which halts at the first possible solution. Here the time to compute is
negligible. But this approach only finds suitable solutions and not necessarily the
best available. By its principle, optimising method (H) takes longer than a discrete
search (E through G) because it takes at least 120 (6!/3!) optimizations if there is no
preselection of surfaces. Furthermore, the optimising problem is not convex, so there
is no assurance of finding a global optimum. That is why different starting values are
given for surface optimisation, as a result of which the computing effort increases
exponentially. Analogous to approaches (E through G) the time to compute is 4,757 s.
for the complete run (H), 84 s. for optimisation with intelligent preselection, and 0.75
s. for optimisation with interrupt (J) (Table 6.17).

Despite the longer time to compute, these approaches are interesting if the per-
formance of the handling system is to be improved further. In this way solutions are
found that lie between the discrete points of the setting for (E through G), and further
reduce the maximum driving torque from 8.6 Nm (F) to 7.5 Nm (I) or the maximum
position error from 1.2 mm (F) to 1.0 mm (I). The choice of optimising approach
here is user-specific or application-specific.

If a system embodies more than three handling devices, the combination of han-
dling devices can also be optimised and selected for the movement application.
Furthermore, the individual handling devices of the demonstrator can also be freely
configured on the baseplate, resulting in a large number of possible combinations.
If three handling devices can be set up at 100 base points, this alone means almost
one million configuration possibilities—combined with the possible grasp-points the
reconfigurability of the system is theoretically unlimited. For this purpose the ap-
proaches and algorithms of grasp-point selection were revised for efficiency and then
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implemented. With reduced grasping possibilities the automatic planning algorithm
finds an optimal solution in about five seconds.

In reduced terms, the search for base points works as depicted in Fig. 6.150. After
specification of the optimising parameters, goals and limits, a first fast selection
searches the specifications field and reduces it by the points or areas that cannot be
reached because of the range of the handling devices. At the same time a second
preselection examines whether the point or area underruns a certain direction angle
to the grasp surface normal during the movement. If this is so, this surface cannot
be managed from the particular frame point and is not examined further. Experience
shows that the specifications field shrinks to 2—5% of the initial size, and it is then
newly sorted and combined. The possible combinations of handling devices are
subsequently analysed dynamically or kinetostatically and selected analogously to
the planning of grasp-points.

q Boundary
lle %0 conditions
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Table 6.16 Specifications and boundary conditions for optimising task
Task definition
Path cubic spline P1 P2 P3
[xy,z]" in [m] [-0,15;0,1;0]" [-0,05;0,15;0,1]" [0,1;0,15;0]"
[@,0,w]" in [deg] 0,0,0)" [0,45,0]" [0,90,0]"
Trajectory |law of motion 5th order polynomial
Motion duration 1 s
length 0,48 m
max. transl. velocity 0,91 m/s
makx. transl. acceleration 6,52 m/s?
Object Shape Cube
Size 150x150x150 mm X mm X mm
Mass 1 kg
Optimisation goal
minimize drive torque along path
Boundary conditions
Restrictions Grasp criterion true
Workspace criterion true
Limits Maximal drive torque 15 Nm
Maximal drive velocity 1000 rpm
Maximal object error 8X 3 mm

6.7.4.5 Path Planning and Programming

Programming of the assembly platform and/or handling system must also match
the requirements of a decentral and reconfigurable control system. In conventional
controllers for cooperating robots, application-specific programs are generated for
each robot that map the particular movements and synchronise with the other robots
through a network. The coordination effort is very high, for which reason online
methods such as teaching and playback are unsuitable for programming multi-robot

applications or for frequently changing purposes.

A more suitable method is offline programming where programs are created with-
out using the real machine. The programs needed are generated and validated first
in a simulation environment, and then transferred to the controller. For this purpose
the simulation environment requires a model of the assembly system.
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Table 6.17 Comparison of optimising approaches

| Results |

in respectto
frame F_OBI
in[m]

-

=
Q
a
o
vl
L
—

()

vectors b;

[xy;z]
Workspace
max T in [Nm]
max q in [rpm]
max 8X in [mm)]

Optimization
method
Optimization
Time in [s]
@2,66GHz
Grasp
criterion
criterion

Case

0,075 0,030 0,000
-0,060 0,075 0,030 0 true true 31,0 /844 2.2
0,030 0,060 0,075
0,075 0,060 0,000
B | o060 0,075 0,030 0 true true 11,9 690,1 6,8
0,010 0,060 0,075
0,075 0,075 0,075
C | 0,060 0,060 0,000 0 true false
-0,060 0,060 0,000
-0,075 -0,075 0,075
D | 0,060 0,060 0,000 0 false false
-0,060 0,060 0,000

=

non

-0,075 0,060 0,000
E 0,060 0,075 0000 734,59 | true true 8,6 6471 1,2
-0,060 0,060 0,075
-0,075 0,060 0,000
0060 0075 0000 051 |true true | 86 6471 12
-0,060 0,060 0,075
-0,075 -0,060 0,000

G | -0,060 0,075 0,000 0,10 | true true | 13,3 647,1 26
-0,060 -0,060 0,075

discrete
g |

0,075 0,043 0,060
H | -0,049 0,075 -0,035 4757 true true 75 5756 1,0
-0,060 -0,024 0,075
0,075 0,043 0,060
-0,049 0,075 -0,035 84,50 | true true 75 5756 1,0
-0,060 -0,024 0,075
-0,075 -0,060 0,060
] | -0,060 0,075 0,029 0,75 true true 8,2 5673 1.3
-0,060 -0,060 0,075

continuous

To shorten the setup time, the programming concept (Fig. 6.151) developed in
this project implies that handling devices are controlled directly from the simulation
environment. In this way no programs have to be exchanged on handling modules
after areconfiguration. The handling modules are simply reconfigured, the simulation
model is matched appropriately, and handling modules are given setpoint values to
match the new model.

The starting point for this programming is the component or the handling applica-
tion. In a first step the handling system is modelled in the simulation environment. A
collision-free component path is then defined by an initial pose, a final pose and the
mode of movement. Proceeding from this component path, configuration and grasp
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Fig. 6.151 Programming concept for reconfigurable assembly system

planning is performed, and the handling modules are matched appropriately in the
simulation environment and the real assembly system.

The grasp-point paths of the handling modules can then be derived from the com-
ponent path and the defined grasp-points on the component by simple transformation
from the component coordinate system to the grasp-point coordinate system. Inter-
mediate points of the component path are calculated in the interpolation cycle. Then
the positions of the grasp-points are calculated by the fixed transforms to each inter-
mediate point, and sent in the interpolation cycle on an interface as a setpoint to the
handling modules (Fig. 6.152).
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Fig. 6.152 Location of
grasp-points (GP) and of
component coordinate system
as function of component path

The decentral handling modules read this interface in the interpolation cycle and
use inverse kinematics to calculate the joint angles for the particular grasp-point,
which are then set by the servo amplifiers. If necessary, finer interpolation of the set-
points is possible decentrally. This kind of setpoint generation very much simplifies
the complex programming of cooperating robots.

Movement of the multiple-arm combination can be very complex, so a possibility
was created of visualising the programs first. The setpoints on the controllers are
calculated and then sent not to the servo amplifiers but instead to an interface for
visualisation. The simulation cell is then updated by the real controllers in the
interpolation cycle. A collision check supports the operator in judging movements.

By avoiding application-specific programs on the individual modules it is possible
to exchange or add single modules. Thus, for example, industrial robots or other
available handling devices could adopt the task of a handling module.

6.7.4.6 System Identification

An exact description of the system pattern is necessary for direct transfer of programs
generated offline. Handling devices are calibrated after installation to significantly
reduce the unavoidable gap between simulation and reality.

Here the real kinematic parameters of the handling devices are determined as
accurately as possible. An external measuring system registers different poses and
the associated joint angles. From the joint angles and the nominal model it is pos-
sible to calculate the set poses of the handling devices and compare them to the
measured poses. Then, by a numerical method, the descriptive model parameters
are altered with reference to gradients until the error between the measured pose
and the calculated pose is minimal (Fig. 6.153). These parameters are subsequently
returned to the kinematic model and stored on the controller. The real kinematics of
the handling system documented in this way are then used for direct and inverse kine-
matic calculation. The additional setup time for matching simulated programs is thus
minimised—so the possibility of real offline programming is given.

For further reduction of setup times, handling devices are automatically calibrated
after reconfiguration. It is sufficient to position the units roughly in the assembly
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Fig. 6.153 Identification of actual

optimal model parameters by pose
recursive parameter matching { T

:8

kinematic

joint model nominal

angle pose

parameter
adjustment

cell according to the configuration planning. They are then identified by short test
movements and the appropriate transforms in the calculation model are matched to
the real cell configuration.

By this system identification it is possible to determine the relevant model param-
eters of the assembly platform and of other objects in the assembly cell with high
accuracy.

6.7.5 Industrial Relevance

Faced with constantly increasing cost pressure, a broader spectrum of types and
shorter innovation cycles, there is greater demand for more flexible assembly and
handling systems aimed at individualised production. As a cost-effective approach
for adapting component-dependent applications, the concept of cooperating robots
was further developed, based on grasping and moving objects with multiple handling
devices. On this basis a reconfigurable, modular assembly platform is being devel-
oped which, beyond its handling devices, also allows the integration of measuring,
testing and joining modules. In addition, the modular concept fulfils requirements for
flexible and demand-driven configuration of multiple handling devices. An appro-
priate control system enables common handling of large components across several
grasp-points. This also responds to a call from industry for harmonisation of produc-
tion systems, i.e. the use of uniform systems for different components at all company
locations.

One possible example of use of such an assembly platform is in aircraft structure
assembly. The fuselage structure of a passenger aircraft usually consists of a number
of sections (Fig. 6.132). The individual sections are composed of shell elements that
are reinforced by ribs and stringers (Engmann 2008). The scope of work and the
joining technologies for the sections are basically the same, but the sizes and shapes
of the sections can differ. Today, to position the fuselage shells to join an aircraft
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Fig. 6.154 Shell assembly assembly platform
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section, large rigid jigs and fixtures are used that map the component geometry. To
maintain the required tolerances, the jigs and fixtures need a high degree of rigidity,
which is usually only possible by a solid construction. As a result, the jigs and fixtures
are large, heavy and costly.

An economically attractive alternative is reconfigurable assembly platforms,
which are configured with handling devices to meet the demands of the specific
application, and that will be able to replace the rigid jigs and fixtures in future. Here
the assembly platform is configured according to the shell.

Since the workspace of the handling devices is very small compared to the dimen-
sions of the shells, the shells must be conveyed by an additional handling system.
While the transport system executes the macro movement of the component to the as-
sembly station and roughly positions it there, the multiple-arm combination executes
the smaller and more complex joining movement (Fig. 6.154). Shape and position
corrections are possible by additional measuring means.

By separating the macro and micro movement and through the possibility of re-
configuring the multiple-arm combination, very different components can be handled
and assembled.

For the purpose of combining large and smaller structures, there are different
solutions such as wall and overhead gantries or Omnimove from KUKA (Kuka
2011b). The focus of the work is consequently on efficient, simple and cost-effective
reconfiguration of the multiple-arm combination. The exact joining movement is
executed by the handling devices. These position the two shell elements so that they
can be joined manually or by automated means.

The advantage of this system is that the assembly platforms can always be con-
figured to match the application, and the handling devices can be re-used for other
purposes and products. This also makes the pilot series production of new aircraft
types economical.

Another application example for this assembly platform is stringer integration.
CFRP stringers of more than 20 m in length are laid in a shell and then pressed on for
adhesion. Figure 6.155 shows a possible automated solution for this purpose. The
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Fig. 6.155 Stringer integration

shell is positioned under an overhead gantry. Attached to the gantry are a number of
handling modules that all engage with the stringer to prevent inadmissible sag.

Modularisation enables the number of handling devices to be matched to the length
of the stringers. The low weight of the handling devices (approx. 25 kg) and of the
stringer enables very simple and cost-attractive design of the gantry. In addition to
laying stringers, the handling devices can lay further items of equipment needed for
the autoclave process.

To achieve the previously mentioned scaling of the assembly system by addition
and removal of handling modules with as little effort as possible, modularity must
be consistent and interdisciplinary, from the mechanical system through the con-
troller hardware to the controller software. The described controller concept can be
implemented not only for handling devices but also for more extensive production
systems that have to be reconfigurable. What is decisive is the modularisation and
use of standard interfaces.

The presented, reconfigurable handling concept can be used to great advantage in
other sectors of industry, wherever free configurability of large handling solutions
can replace rigid jigs and fixtures or show the way to partial or full automation of
small series.

6.7.6 Future Research Topics

Increasingly complex products, a growing number of variants and shorter product
life cycles mean that automated production systems have less time to pay back.

As a result there is a continuing development in the automation of assembly
towards flexible and adaptable systems accompanied by a variety of new applications.
The greater functionality and configurability of assembly systems create new degrees
of freedom. To enable optimum use of all this, self-optimising functions are aimed
at reducing the effort and expense of reconfiguration as well as programming and
planning complex applications.
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A future research topic will be the integration of additional measurement and
sensor technology. In the context of self-optimisation in particular, it is important to
quickly identify system states. For this purpose, various methods are to be developed
that not only determine the positions of robots but also the position of the component.
The position data will then be used to monitor the component path and correct it if
necessary. The correction data will be sent over a sensor input to the central controller,
which automatically corrects the individual robots. In addition to monitoring of the
component path, force/moment sensors can be integrated, to check and control the
forces applied to a component. Forces could be intentionally introduced by tensioning
of the robots to correct the shape of a component.

The description of a movement used in this project by reference to a component
path very much simplifies the programming of cooperating robots. The programming
concept, where the entire application is described in a central sequential program and
the handling devices only possess simple standard programs to evaluate commands,
also reduces the programming and modification effort for frequently changing tasks.

Programming of the handling system is nevertheless still elaborated in terms of the
current state of development because individual movements of the handling devices
outside the mode of cooperation have to be specified by the user. This is the case with
the grasping movements for example, when every single handling device must be
taken from the initial position to the grasp-point by a sequence of single movements.

Semi-automated path planning makes sense especially for these frequently recur-
ring sequences, to support the user in planning and programming application-specific
movements.

A future research topic is consequently the development of semi-automated path
planning, by which a further function of self-optimisation can be integrated in the
assembly platform, operation is simplified, and user acceptance can be enhanced.
Existing methods of automated path planning will therefore be analysed, judged for
suitability for the handling system and further developed.

Dynamic collision areas, which can be both machines, e.g. other robots, and
humans, are a far greater challenge. In the case of machines and other controlled
cell components, the position can be read from the controller and considered in
path planning. Detecting the position of other dynamic obstacles requires external
measuring technology (e.g. imaging), which means a much higher investment and
stricter safety stipulations.
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