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Abstract:This paper presents a holistic approach to manage the forces of
change and to build up production systems with a view at worldclass
competitiveness. Through continuous and short-term improvements, it is
possible to avoid non-value adding activities. Sensors and actors help to
machine materials in safe processes close to the limits of performance and
quality. Autonomous manufacturing cells and segments can be controlled
by integrated manufacturing or assembly control systems. Not least, new
information and communication technologies open up the way to a new
generation of CIM, which is more decentralized and specialized, able to
follow and support the evolutionary development of production system.
Controlling the complexity of production systems has become a factor of
competition. High increases in efficiency cannot be achieved by means of
generalistic strategies and global orientation towards technology, but by
means of practicability and orientation towards direct value adding
processes in the process chain. Labour and technology have to be
harmonized in new forms of organization. Maintaining the
competitiveness absolutely requires fast realization of every piece of
knowledge in engineering and organization. The two EU-ESPRIT
projects AICIME and AITIME are presenting the ideal platform to follow
this direction in a bottom- up approach by using international expertise
within a multiskilled team.
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1. Introduction

Presently, all producing enterprises are going through a
structural change, the outer reasons of which are the
weakness of profitability due to the economic and
structural conditions and the seeking for more market
proximity and market orientation. The weakness of the
market and the weak economic activity within the
present situation have increased the pressure on prices
and competitiveness of enterprises to an extraordinarily
high degree. In order to survive in a turbulent
environment, enterprises arc applying very different
strategies. Many are making economies and avoid any
type of dissipation or are exclusively concentrating on
the profitable core processes. Others attempt to make
their production more efficient by means of new
technologies and methods. Another group makes efforts
to reach more competence by offering complete system
solutions and a last group, finally, attempts to
compensate for disadvantages by using production
networks and relocating the production to cheap labour
countries [Figure 1].

In contrast to that, the technological development is
quickly getting ahead as before. Sensor technology,
microtechnology, high-performance computing,
artificial intelligence, artificial neuronal networks,
software tools, high-performance networks, object-
oriented distributed database systems, international data
standards, high-performance process engineering and
many other fields of technology and engineering are
making great strides through high rates of innovation.
These technologies are worldwide available. Only those
enterprises which are using them quickly and early are
able to obtain advantages in competition. The speed of
learning to use new technologies for improving
performance in the enterprises becomes the critical
factor of success especially in the highly developed
industrial countries [1].

If production is to be competitive in the future, we have
to learn to work for a complex and networked
production which is safe within the limits of quality and
performance. Highly developed industrial structures
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with highly qualified personnel are confronted with
above-average advantages in those areas where the
control of complex processes is concerned.

2. Industrial Learning

The general fundamental laws of production include the
regularity that it is possible to raise the performance of a
technology by improvement in the course of time. In a
complex multi-step production, consequently, a
potential for improvement has always to be existent.
The constant improvement of production can also be
referred to as industrial learning.

In psychology, learning is defined as a behavioural
change and as gaining new modes of behaviour in a
well- defined situation. Learning is a process which
causes or changes an activity followed by reactions of
the organism to an environmental situation.

In~ the production, such behavioural changes as
reactions to changes in the setting out of tasks are
required in the organization, technology, logistics and
environment. Industrial learning constantly happens in
many ways. Human capacities are the most important
resources of industrial learning. Man in the industrial
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production learns from the stimuli acting upon him
directly or indirectly (Figure 2).

The so-called stimulus reaction method says that man
reacts on influencing quantities by changing his direct
or indirect behaviour. He analyses the effects of his
behaviour by comparing them with the goals and
expectations. In this connection, the goals and
expectations are usually predefined by the business
strategies. It is clear that learning does not happen if the
goals cannot be recognized or at least are not existing in
the individual person’s experience. This is a typical
form of learning with a totally unknown object, in
practice in case of all innovations or new situations.
Another theory of learning, the so-called cognitive
learning theory, emphasizes the significance of an inner
cognitive link between stimulus and reaction. Learning
is the restructuring of the experiences and events of the
cognitive scheme existing so far. According to the
stimulus reaction theory, man learns actions and
sequences of actions. According to the cognitive theory,
man learns to anticipate the results of actions and
sequences.

By learning, man is capable of doing things which were
impossible for him before. Man can learn to control
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Figure 2. Theories of Industrial Learning

even complex systems. On the other hand, complex
systems which he does not understand can be too much
for him. Learning implies knowledge. Here, it is
advantageous for enterprises which can return to highly
qualified employees who are also able to activate these
qualifications.

From these theoretical considerations, it is possible to
draw a lot of conclusions in view of the success of Far
Eastern production philosophies:

U Learning and imprcving happens in control loops

with a profit of knowledge and experience.
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0 A control loop has to include a to be / as is
comparison which even does not exclude self-
control.

0 Learning does not only take place within the
employee’s closer sphere of activity but also in teams
and organizations.

O If several organizations are involved, the
communication is of decisive importance.

O If the employees are not familiar with the objectives,
improvements will hardly be made.

In the lean production numerous elements can be found
which make use of the previously mentioned criteria in
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Figure 3. Learning To Control the Complexity of Production

a special way. Errors are shown openly and are
eliminated by individual persons and by a team. Due to
the fact that the production may be stopped in case of
disturbances, all problems and disturbances obstructing
the production come out openly and just at the start of
the scrial production. Disturbances are reacted on
within a short time by immediate elimination of the
causes. A safe and reliable process is the first goal when
assessing manufacturing plants. Communication is
practiced wvery intensively. In this way, the total
organization and logistics beccme poor in friction and
extremely capable of reaction, as the learning especially
concentrates on the start of new products. As the set-up
operations are simultancously reduced as far as possible
or are procecding at least in parallel (o the processes, a
lean enterprise reaches an extraordinary flexibility.

The theory of learning in the production is
complemented by a law of learning that has been found
by American scientists on the basis of statistical
material from aircraft production that is still used for
calculation purposes in many enterprises today [2]. This

law says that the expenditure per piece is reduced by a
specific amount when the number of pieces is doubled.
The falling expenditure per piece is due to numerous
technical and organizational improvements. Here, it is
to be regarded that the rate of learning will totally differ
depending on the different products, technologies and
enterprises.

After these considerations, it is possible to formulate a
new philosophy of future production concepts. This
philosophy does not start out any more from a global
generalistic architecture of the optimum enterprise to be
created over a long term. It does not presume a
perfectionistic  planning in which everything is
predetermined and regularized beforehand either, but
assumes a way of acting that is determined by
pragmatism, direct responsibility and efficiency with yet
far-reaching technical and organizational visions. In
principle, it assumes the capacity for learning in all
areas and consistently making improvements with the
aid of the most advanced information and
communication technologies.
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3. Set-Up of Learning Structures

Optimizing a production sequence, controlling a process
or a process chain within safe limits, but also reacting
on errors and disturbances and eliminating any kind of
dissipation in running operation, are forms of industrial
learning. Industrial learning arises from observing and
analysing processes and from reactions leading to
improvements for the purpose of definite objectives.
Thus, industrial learning is constantly improving with
strict target criteria being fixed.

Optimizing takes place in a turbulent and complex
environment with constantly changing the influencing
quantities and factors. By regulating, systematizing,
directing and controlling, ways of contributing to a
steady increase in performance are to be found.
According to that, there are many possibilities and
forms of industrial learning [2]. The measures of
industrial learning can be divided into four groups
which differ by the time horizon of their consequences
(Figure 3).

The simplification and concentration on the actual

Environment:

value-adding process eliminates the dissipation in the
company. Lean production, Kaizen, the continuous
improvement process and other methods belong to the
range of efforts with short-term effectiveness. With the
methods applied there, attempts are made to activate the
employees’ knowledge and experiences, who are
directly involved in the business processes. Complex
systems are simplified and, hence, they are made
controllable.

The more safely the processes are run in their
respective areas of operation, the smaller the losses of
use in production. The production processes are
basically unstable. The farther they reach into the
limiting ranges, the more unsafe they become. Through
a preventive quality assurance, improving the process
capability and consistently applying the methods of
quality management, it is possible to reduce errors and
disturbances during operation and thus to achieve
increases in performance [3,4].

Today, technologies of highest performance are
available, such as high-speed machining. The
precequisite for their economic utilization is the

5 What should happen with all
consideration being included ?

4 What could happen, if certain
development trends are delimited
and internal bottlenecks are
eliminated ?

3 What will happen in the near
future and within the scope of
the conditions which cannot be
changed immediately?

1,2 What is done here and now ?

© W~ 149-05-01 according to F. Malik

Figure 4. Control of Complex Production Systems
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technical knowledge of the machine and of the
equipment design, their respective fields of application
and their operation. Sensors and process monitoring
systems can assist in running even unstable processes
safely near the limits of quality and performance.
Through this, machines become intelligent,
automatically error-compensating, so to speak
autonomous manufacturing cells and systems with an
integrated quality control.

A new approach seen over the long term is represented
by evolutionary learning production systems. These
systems make use of the possibilitics of the latest
information and communication technologies, and
assume that  optimization and control through
comprehensive simulation and provision on the basis of
present experiences become feasible by means of nearly
unlimited and non-expensive computing performance.
The factory of the future develops into a new generation
of CIM,

4. Control of Complex Learning Production
Systems

If the task of controlling the complexity asks too much
of a man, it has to be attempted to either simplify the
machines and systems or provide for means and aids so
that he should be able to cope with this task. The
simplification of machines for high-performance and
high-precision tasks is only partially possible. The
increasing technical demands alone make the system
more complex so that the development of means only
remains to be a promising way [2,5]. Today, technical
resources are available for realizing future-oriented
production concepts which control a high complexity
and are equally capable of learning. The underlying
systematics can be directly derived from scientific
functional mechanisms.

Some advanced methods of controlling the complexity
orientate themselves very much from these natural
mechanisms of complex system control. One method,
established by F. Malik, may really be considered as a
guidance in the design of future production concepts
and modern production control systems [6] (Figure 4).
According to this theory, processes are run in a
turbulent and always changing environment. A control
system has to take care of an action being appropriately
adapted to the situation but still with a certain long-term
perspective. In the direct environment of the processes
activities have to be performed which are designated A,
B, C, D in Figure 4. They are controlled by a
hierarchical system. Subsystems 1 (control instance for
the activities) and 2 (co-ordination of Subsystem 1)
determine what is to be done here and now. Subsystem
3 fixes what is to be done in the near future and within
the scope of given resources. Subsystem 4 defines more
global methods with respect to possible changes of the
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bottlenecks, whereas subsystem 5 determines the
strategic course of activities.

Such a conception reproduced from the nervous system
can be applied to the control of production facilities.
System 1 is formed of the individual machines and
workplaces; the autonomous machines and
manufacturing cells. System 2 co-ordinates complete
process chains so that it corresponds to the
manufacturing and assembly systems. Subsystem 3 is
responsible for the production scheduling and the
balancing of the capacities at the segment level, e.g. for
the production planning and control. Systems 4 and 5
are to be assigned to the operative PPC and strategic
planning and control. In the following, these approaches
are applied to the development of the organizational
structures in the factories of the future.

4.1 Intelligent Machine -Tools

The advanced sensor technology allows the collection of
data in such a wide spectrum and such large amounts
that can be processed neither in conventional machines
by the present control systems nor by the actuator
technology. For the future, it is important to connect the
collection of measured amounts directly with the models
for controlling and optimizing the processes. For this
purpose, numerous scientifically secured models are
available:

O correction of tool wear,

O compensation for kinematic errors,

O optimization of the process setting parameters,
O correction of orientation and position faults,

a

compensation for the mechanical and thermal
deformation.

The consequence of the described development is the
introduction of the so-called intelligent machines [7]
(Figure 5). :
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Figure 5. Quality Control Loop Supporting
Process Control

Figure 5 shows the schema of an intelligent machine
with sensor technology and in-process measuring and
testing technology. Before machining, the input values
of the material and the position of the workpieces and
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clamping means on the workbench are coilected. From
this, correction values can already be derived, for
example to correct the position or process parameters.
The editing of data parameters for process models was a
big problem in the past [8]. The parameters were mostly
determined in laboratories, far from practice. The
models were only suitable for specifically defined
applications. With the help of neuronal networks, it is
possible today to realize learning systems which derive
the parameters and interactive  connections
automatically from what is happening. Such a
conception is pursued for the quality control of single
processes and in the future for complete process chains.
As shown in the following Figure, the input and output
quality parameters are collected together with the
setting parameters and disturbance quantities, and
processed in a neuronal network (Figure 6).
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Figure 6. Learning of Interactions By Means of
Artificial Neural Networks for the Quality Oriented
Process Control

By representing data and information in mathematical
process spaces, it is possible to define not only exact
mathematical spaces, but also n-dimensional spaces in
which parameters are permitted. For example, the
ranges of tolerance of several different quality criteria
can be defined this way. In these spaces the changes
can also be represented as in some sort of multi-
dimensional control chart and be statistically evaluated.
Then, the data are processed in wide-range process
models and can be used for the determination of
correction values. Correlations can be defined by
combinations of parameters. Most important, however,
is the processability with advanced parallel computers
laid out for the vector calculation.

4.2 Autonomous Manufacturing Cells
The function of the individual manufacturing cells is to
optimally fulfil the tasks defined by subsystems 2 and 3

under the cell-specific environmental conditions . In
order to be able to react on the specific influences, the

Studies in Informatics and Control, Vol.4, No.3, Sept. 1995

cell has to be provided with the corresponding scope of
decision-making, i.c. a specific autonomy. Autonomy
means independence and self-control of a system. The
autonomy of the machine or cell basically means
independence of rigid preprogrammed sequences and
an independent reaction to errors and deviations
through integration of the programming (planning),
control and monitoring of the processes and machines.
Consequently, autonomous manufacturing cells and
machines include control loops which ,on the basis of
given desired values (targets), optimize the sequencs
and the process parameters independently and
according to fixed models and rules. Thus, they become
a closed or “ fractal” system .

By integrating the functions of planning, control and
monitoring, the process of decentralization continues
and above all, the ability to react on statuses and events
with machines gets higher. Autonomous structures
simplify the preparation and control of production and
have the potential for responsible quality assurance [5].
If the knowledge of preceding processes, too, is
successfully brought in these autonomous procedures,
learning systems will arise. A tool monitoring system,
for example could be able to remember which signal
pattern arose on the basis of what machining conditions
and re-use this knowledge when similar statuses occur.
Today it is conceivable to use learning effects of this
kind for error prevention and error compensation. The
difference between the conventional knowledge-based
systems and the learning systems is the fact that strict
rules have so far been applied in knowledge-based
systems. Learning systems remember behavioural
patterns and may lead to a gradual optimization using
methods of evolution.

4.3 Integration of the Process Chains

To realize an overall optimum it is necessary to
integrate the single process chains into a superior
communication and control system. Within this unit,
the operative tasks of the subunits have to be co-
ordinated and controlled as defined by the strategic
standards. As in the manufacturing cells and the process
chains, the competences to act independently are to be
integrated into this level of control.

On the basis of this approach, several scientists have
attempted to work out new conceptions of the factory of
the future. Thus, Wildemann developed the idea of the
modular factory (9], a factory of segments with a high
degree of self-organization and market orientation.
Segments are independent sections of the enterprise
which may have supplier-customer relationships among
them. The segmentation is designed according to
logistic and technological standards (Figure 7).

The effects of decentralization connected with it are felt
for the whole order handling. The self-sufficient part
systems are working in the network of production as
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suppliers do with the lean organization typical for them.
However, they have to be integrated into a system of
order handling and project management that is
orientated towards customer and market. Fast
communication sees that the total order handling
remains efficient.

The aspect of self-optimization according to defined
objectives in a superior communication and control
system is not yet expressed in the principles of
segmentation. Nevertheless, the first signs of making
the complexity more controllable by delimiting the
systems, can be recognized [10].

4.4 Evolutionary Learning Production
Systems

On finding that new structures are basically needed for
the factories of the future which are capable of
optimizing themselves within a defined scope,
Warnecke has developed the idea of the "fractal” factory
[11]. "A fractal is an independently acting business unit
the objectives and performances of which are clearly
describable." [11]. Fractals pursue self-organization and

optimize themselves. But they are a system element
which can in turn be part of a more comprehensive
system or be divided into further "fractals" in a detailed
consideration. The independent “fractals" are
incorporated into a superior system by orientation
towards  objectives and by communication and
information. In the effort to replace bureaucratic
procedures by high dynamic activities of single units
organizing themselves, new factory structures originate
from this vision. The "fractal" factory may also deliver
the frame for learning structures. In the "“fractals"
organizing themselves, the system philosophy can be
combined with the industrial learning,.

5. The Second Generation of CIM

This overall philosophy described may become the basis
of future CIM systems. "Lean" can be downright
absorbed by CIM, as CIM, too, fundamentally pursues
the same objectives and principles. In the developments
made so far, however, this has not been sufficiently
done. To follow the lean approach it would be required
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Prson
prod. equipment
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Figure 7. Segmentation. Factory of the Future

218

Studies in Informatics and Control, Vol.4, No. 3, Sept. 1995



to take the following measures:

simplify procedures and systems,

use the computer to carry out simple procedures,
decentralize systems,

reduce division of labour,

accelerate communication,

make systems safe,

shorten paths,

have occurring disturbarnces eliminated directly,
climinate error causes systematically,

Thus, lean production as the standard for CIM would
inevitably lead to another CIM than is generally known
in the production enterprises. Here, new technologies
and methods of organization re-appear as much as
fundamental innovations of information technology.
The most important decision lines of future conceptions
are represented in Figure 8.

Future developments of CIM will be especially
characterized by striving to higher efficiency through
simplification and decentralization. This trend will
mostly be determined by an increase in performance
and a simultaneous collapse of prices of medium

Oooooocoaag

computers, such as workstations and personal
computers, as well as of parallel computers. The high
capability of these computers already permits economic
applications , which have until recently been reserved
for the central mainframe computers .

The advanced computer technology allows the use of
comparatively inexpensive hardware with extreme
computing power that is available to the production of
the future. Figure 9 shows features and properties of a
new CIM concept of the 2nd generation which
consistently starts out from the availability of new
extensive, inexpensive computing power using e.g.
parallel computers. In this respect today’s high-
performance computers are capable of optimizing
production sequences preventively.

It would be a big mistake if the possibilities of the
innovative information technology were not consistently
used for optimizing the production. The communication
technology provides the prerequisites to produce within
a network of enterprises and organizations which
complement one another.
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6. Summary
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Figure 9. Areas of Application for Parallel Computing in Production
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