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2.41 Introduction

Over the past years an increase in complexity of production and logistics
systems regarding organisational, time-related and systemic aspects could
be observed (Philipp et al. 2006). As a result, it is often impossible to make
all necessary information available to a central entity in real time and to
perform appropriate measures of control in terms of a defined target sys-
tem. This development is caused by diverse changes, for example, short
product life cycles as well as a decreasing number of lots with a simulta-
neously rising number of product variants and higher product complexity
(Scherer 1998). Hence, new demands were placed on competitive compa-
nies, which cannot be fulfilled with conventional control methods. Con-
ventional production systems are characterized by central planning and
control processes, which do not allow fast and flexible adaptation to
changing environmental influences. Establishing autonomous control
seems to be an appropriate method to meet these requirements. The major
aim of establishing autonomous logistics processes is to improve the logis-
tics system’s performance. The basis for achievement of this objective is a
comprehensive understanding of the term autonomy in the context of lo-
gistics processes. The idea of autonomous control is to develop decentral-
ised and heterarchical planning and controlling methods in contrast to ex-
isting central and hierarchical planning and controlling approaches
(Scholz-Reiter et al. 2006). Autonomous decision functions are shifted to
logistic objects. In the context of autonomous control, logistic objects are
defined as material items (e.g. part, machine and conveyor) or immaterial
items (e.g. production order) of a networked logistic system, which have
the ability to interact with other logistic objects of the considered system.
Autonomous logistic objects are able to act independently according to
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their own objectives and navigate through the production network them-
selves. The autonomy of logistic objects is possible due to recent devel-
opments by ICT (information and communication technologies), for ex-
ample RFID technology (Radio Frequency Identification) for
identification, GPS (Global Positioning System) for positioning or UMTS
(Universal Mobile Telecommunications System) and WLAN (Wireless
Local Area Network) for communication tasks (Bose and Lampe 2005).
Furthermore comprehensive research in the field of agent-based computa-
tion in manufacturing (Monostori et al. 2006) is of particular importance
for the implementation of autonomously controlled logistics systems.

These new approaches of autonomously controlled logistics systems are
currently being investigated within the Collaborative Research Center 637
“Autonomous Cooperating Logistic Processes — A Paradigm Shift and its
Limitations™ at the University of Bremen, which deals with the implemen-
tation of autonomous control as a new paradigm for logistic processes
(Scholz-Reiter et al. 2004).

The intention of this article is to explain what is meant by autonomous
control and describe its main criteria in contrast to conventional control-
ling methods in logistic systems. Therefore, a definition of autonomous
control is introduced. The constituent characteristics of this definition are
considered in a developed catalogue of criteria in the form of an operation-
alised morphological characteristic schema in order to describe autono-
mous logistic processes and emphasize how conventionally managed and
autonomous logistic processes differ. The catalogue of criteria represents
an instrument that allows characterising a considered logistic system con-
cerning its level of autonomous control. The criteria and their properties
are explained in a concrete way by investigating a production logistics sce-
nario of a job shop manufacturing system. In conclusion, further research
activities concerning evaluation of autonomous control are presented.

2.4.2 Definition of autonomous control

The vision of autonomous control emphasizes the transfer of qualified ca-
pabilities to logistic objects as explained above. According to the system
theory, there is a shift of capabilities from the total system to its system
elements (Krallmann 2004). By using new technologies and methods, lo-
gistic objects are enabled to render decisions by themselves in a complex
and dynamically changing environment. Based on the results of the work
in the context of the CRC 637, autonomous control can be defined as fol-
lows:
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“Autonomous Control describes processes of decentralized decision-
making in heterarchical structures. It presumes interacting elements in
non-deterministic systems, which possess the capability and possibility to
render decisions independently.

The objective of Autonomous Control is the achievement of increased
robustness and positive emergence of the total system due to distributed
and flexible coping with dynamics and complexity.” (Chapter 1 in this ed-
ited volume)

Based on this global definition of the term Autonomous Control, a defi-
nition in the context of engineering science was developed, which is focus-
sed on the main tasks of logistic objects in autonomously controlled logis-
tics systems:

“Autonomous Control in logistic systems is characterised by the ability
of logistic objects to process information, to render and toexecute deci-
sions on their own.”

For a better understanding, terms in the given definitions of autonomous
control such as decentralised decision-making in heterarchical systems,
system elements ability of interaction as well as non-deterministic systems
and positive emergence are described and discussed below.

Decentralised decision-making in heterarchical systems

One feature of autonomous control is the capability of system elements to
render decisions independently. Autonomy in decision-making is enabled
by the alignment of the system elements in the form of a heterarchical or-
ganisational structure (Goldammer 2006). Therefore, decentralisation of
the decision-making process from the total system to the individual system
elements is a specific criterion of autonomous control. Each system ele-
ment represents a decision unit which is equipped with decision-making
competence according to the current task (Frese et al. 1996). Due to the
fact that decision-making processes are purposeful, according to the deci-
sion theory, each system element in an autonomously controlled system is
characterised by target-oriented behaviour. Global objectives, for example,
provided by the corporate management, can be modified independently by
the system elements in compliance with their own prioritisation. For ex-
ample, the objective low work in process can be replaced in favour of high
machine utilization by the machine itself. Thus the objective system of
single elements is dynamic because of ability to modify prioritisation of
the objectives over time, i.e. during the production process.
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System element’s ability of interaction

Decentralized decision-making processes require the availability of rele-
vant information for the system elements. Consequently, the capability of
system elements to interact with other is a mandatory condition and thus
one constitutive characteristic of autonomous control. The ability of inter-
action can accomplish different values depending on the level of autono-
mous control. The allocation of data, which other autonomous logistic ob-
jects can access, represents a low level of autonomous control.
Communication, i.e. bi-directional data exchange between autonomous lo-
gistic objects, and coordination, i.e. the ability of autonomous logistic ob-
jects to cooperate and coordinate activities of other objects, represents
higher level of autonomous control.

Non-deterministic system behaviour and positive emergence

In accordance with the above mentioned definition, the main objective of
autonomous control is the achievement of increased robustness and posi-
tive emergence of the total system due to a distributed and flexible coping
with dynamics and complexity. Non-determinism means that despite pre-
cise measurement of the system status and knowledge on all influencing
variables of the system, no forecast of the system status can be made.
Knowledge of all single steps between primary status and following status
is not sufficient to describe the transformation completely (Flamig 1998).
Thus a fundamental criterion of autonomous control is that for the same
input and values, there are different possibilities for transition to a follow-
ing status. As already explained, decentralisation of decision-making proc-
esses to the system elements leads to a higher flexibility of the total system
because of the ability to react immediately to unforeseeable, dynamic in-
fluencing variables. In this way, autonomous control can lead to a higher
robustness of the overall logistic system. Furthermore positive emergence
is a main objective of autonomous control. Emergence stands for devel-
opment of new structures or characteristics by concurrence of simple ele-
ments in a complex system. Positive emergence means that the concur-
rence of single elements leads to a better achievement of objectives of the
total system than it is explicable by considering the behaviour of every
single system element. That means, related to the context of autonomously
controlled logistic processes, that autonomous control of individual logistic
objects (e.g. machines, parts, orders) enables a better achievement of ob-
jectives of the total system than can be explained by individual considera-
tion of the decentralised achievement of objectives (e.g. higher rate of on-
time delivery, lower delivery times) of each single logistic object.
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243 System layers of autonomous control

Based on the definition of autonomous control in the context of engineer-
ing science, its main characteristics are the ability of logistic objects to
process information and render and execute decisions. Each characteristic
can be assigned to different layers of work in an enterprise. In accordance
with Ropohl (Ropohl 1979), different layers of work can be classified in
organisation and management, informatics methods and information and
communication technologies as well as in flow of material and logistics.
These layers relate to decision, information and execution systems. Figure
2.2 presents the assignment of the characteristics to the system layers, il-
lustrates their correlations and introduces the main criteria of autonomous
control.
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Fig. 2.2 System layers and criteria of autonomous control

The decision system is characterised by the decision-making ability. As
mentioned before, in autonomously controlled production systems decision
functions are shifted to logistic objects, which are aligned in a heterarchi-
cal organisational structure. These functions contain planning and control
tasks and enable logistic objects to assign their progression. The decision-
making process includes the identification and evaluation of decision al-
ternatives on the basis of a decentralised objective system, the selection,
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instruction and execution of the best rated alternative, as well as possible
adjustments.

The basis for decision-making is the information processing ability on
the information system layer. In autonomously controlled production sys-
tems, logistic objects must be able to interact with each other as well as to
store and to process data.

The execution system layer is characterised by the decision execution
ability of logistic objects. Autonomous logistic objects are able to measure
their current state and react flexibly to unforeseeable, dynamic influencing
variables. Mobility and high flexibility of the resources are other main cri-
teria of autonomous control in production systems.

2.4.4 Derivation of a catalogue of criteria

The definition of autonomous control explained in a preceding chapter de-
scribes the maximum level of autonomous control. Thus, all system-
elements in an absolutely autonomously controlled system are able to in-
teract with other system elements and render decisions on the basis of an
own, decentralized target system. In general, logistics systems probably
contain both conventionally managed and autonomously controlled ele-
ments and sub-systems. Furthermore, it is assumed that there are different
degrees or levels of autonomous control. For example, an individual part in
a production lot can coordinate each production step of the lot which
represents a high level of autonomous control; meanwhile, other parts only
allocate data regarding their processing states. Consequently, the latter
mentioned case shows a lower level of autonomous control.

In the following, a catalogue of criteria is derived in the form of a mor-
phological scheme for characterising logistic systems based on their level
of autonomous control. This catalogue of criteria consists of thirteen crite-
ria as well as corresponding properties, which allow a first approximate
analysis of autonomously controlled logistic order processing. With re-
spect to the derivation and definition of the constituent criteria, there was
no predetermination concerning dedicated domains of corporate logistics
(Wiendahl 2005). On the contrary, each criterion was defined with a very
high degree of abstraction to enable a universal application in different
fields of logistics, for example in production logistics as well as transporta-
tion logistics.
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According to the morphological scheme for characterising structures of
order processing (Luczak et al. 1998) several demands regarding selection
and description of criteria are defined as follows:

e Each criterion must concern the organisation as well as the planning
and control functions of a logistic system;

e Each criterion must sufficiently describe the field from conventional
control to autonomous control in logistic systems in the form of its
properties;

e Each criterion must allow measuring and evaluating of its properties
with adequate accuracy;

e The application of each criterion must be possible with an appropriate

effort.
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Fig. 2.3 Criteria and properties
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For the purpose of structuring of the catalogue of criteria, three catego-
ries are introduced based on the system layer of autonomously controlled
logistics systems described in the preceding chapter. These categories are
decision-making criteria, information processing criteria and decision exe-
cution criteria. In figure 2.3 the criteria and their properties for autono-
mously controlled systems are illustrated in the form of a morphological
scheme that contains the main criteria of autonomous control and its prop-
erties, which represent the different levels of autonomous control.

The vision of autonomous control encompasses transferring qualified
capabilities (e.g. decision-making, data processing, measuring) from the
total system to the system elements. So the visualized criteria relate both to
the total system and the system elements. Each criterion has a series of
properties, with an increasing level of autonomous control in their order
from left to right. For example, a logistic system with decentralised deci-
sion-making by its elements has a higher level of autonomous control than
a system rendering central decisions.

2.4.5 Operationalisation of the catalogue of criteria

The catalogue of criteria as described above allows a qualitative determi-
nation of the level of autonomous control of a considered logistic system.
So it is possible to describe a logistic system as mainly autonomously con-
trolled or rather conventionally controlled by means of the property alloca-
tion with an increasing level of autonomous control in their order from left
to right in figure 2.3 The catalogue of criteria allows basically a compari-
son of different logistics systems regarding their level of autonomous con-
trol. The remarks concerning the definition and description of the term
autonomous control in the context of logistics explained in the chapters be-
fore suggest that the criteria do not all have the same influence on the de-
termination of the level of autonomous control. For example the criterion
location of decision-making seems to be a more important characteristic
for autonomously controlled logistic systems than the criterion resource
flexibility. For this reason an operationalisation of the catalogue of criteria
seems necessary to ensure a precise determination of the level of autono-
mous control and allow an accurate comparison of logistic systems regard-
ing their level of autonomous control.

For the purpose of evaluating the level of autonomous control of a con-
sidered logistics system the method of the value-benefit analysis, a fre-
quently used evaluation method in practise, seems to be suited. Subject
matter of the value-benefit analysis is the investigation of a number of
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complex alternatives in order to arrange these options according to the
preferences of the decision maker by a multidimensional system of objec-
tives in terms of values of benefit (Zangemeister 1976). In the present in-
vestigation the aim of the application of this method is not the determina-
tion of the top-rated alternative by means of a multidimensional system of
objectives, but rather the evaluation of the level of autonomous control of a
considered logistics system on the basis of constitutive criteria of autono-
mous control. However, the methodological procedure is the same except
for the comparison of the total evaluation values of different alternatives
which is not done in the case of the catalogue of criteria.

As a first step, each criterion of autonomous control is defined and as-
signed to the criteria categories: decision-making criteria, information
processing criteria and decision execution criteria. After that, the weight of
each criterion is ascertained. These weightings assign the importance of
each criterion in the evaluation of the level of autonomous control. For the
determination of the criteria weights, a systematic method in form of a
pairwise comparison is made (Eversheim and Schuh 1996) as illustrated in
figure 2.4.
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Using this evaluation method, every criterion is compared with each
other regarding its importance to determine the level of autonomous con-
trol. Accordingly it is investigated if criterion K, is more important, is
equal or is less important than criterion K,+;. The results of the pairwise
comparison are compiled in a two-dimensional matrix. By computing the
total values for each criterion, the priority and consequently the weighting
of each criterion can be determined, which describes the importance of
each criterion concerning the evaluation of the level of autonomous con-
trol. The weightings of this pairwise comparison are a first possible result,
which allows an approximate rating of the importance of each criterion to
describe autonomous control in logistics.

As a second step, the considered logistics system is evaluated concern-
ing the fulfilment of each criterion by selecting the corresponding property
(compare following chapter). Each property of a criterion contains a ful-
filment value which is uniformly distributed in the range of 0 (absolutely
conventionally controlled) and 3 (absolutely autonomously controlled)
with an increasing level of autonomous control in their order from left to
right in figure 2.3. After that, weighted evaluation values are calculated by
multiplication of weight and fulfilment of respective criteria. Finally, the
total evaluation, i.e. the level of autonomous control, can be calculated by
summarizing the weighted evaluation values. As a consequence the level
of autonomous control in an absolutely conventionally controlled logistics
system is 0 because all fulfilment values are 0, whereas the level of
autonomous control in an absolutely autonomously controlled logistics
system comes to a total evaluation value of 468. In general, the level of
autonomous control probably lies in between these extreme total evalua-
tion values.

2.4.6 Application of the catalogue of criteria

In this chapter, criteria and properties as well as the methodical approach
to determine the level of autonomous control of a considered logistics sys-
tem are illustrated using a production logistics scenario. Figure 2.5 gives
an overview of a scenario of two-stage job shop production. Each criterion
characterises the behaviour of logistic objects and is assigned to the deci-
sion-making system layer, information system layer or execution system
layer.

The first production stage entails the manufacturing of a part on two al-
ternative machines (M;;). The raw materials that are needed for production
are provided by the source (So). In the second production stage, the as-
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sembly of the parts that were produced in the first stage is done alterna-
tively on two machines (A;j). The manufactured items leave the material
flow net at the sink (Si). At a pre-determined time a disturbance occurs in
the form of a breakdown of machine A,;. In conventionally controlled pro-
duction systems a machine breakdown at night would cause at least a delay
of many hours before the disturbance is recognised and the production plan
is adjusted in the traditional way.
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Fig. 2.5 Autonomously controlled production logistics scenario

The autonomous control of the machines provides the opportunity to re-
act fast and flexibly to disturbances. Machine A,; autonomously recog-
nises its breakdown by constant measuring and processing of the sensors
data. Deviations of the sensors data are identified, analyzed and appropri-
ate activities are initiated. In this scenario, the machine A,; immediately
informs other logistic objects about its breakdown, especially machine A,,.
Based on this information, machine A, could adapt its dynamic local ob-
jective system by prioritizing the objective of high utilization instead of
low stock to counteract the bottleneck of the assembly stage. Parts waiting
in front of machine A,; are informed about the machine breakdown. Be-
cause of this information and their measuring ability, parts can define their
position and initiate their own transport to the alternative machine A,,. Be-
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cause of the identification ability, the conveyor is able to precisely identify
the parts.

The existence of alternative manufacturing and assembling stages as
well as the availability of local information allow parts to render decisions
regarding their way through the production process. The decision-making
process in this scenario is rule-based, i.e. logistic objects act according to
defined rules. For example, a part could choose the manufacturing ma-
chine on the basis of the rule “select machine with lowest rate of utiliza-
tion”. However, in this scenario, parts are characterised by different levels
of autonomous control. Some parts just have the ability to allocate data;
other parts acting for the entire lot are able to navigate through the produc-
tion process.

The level of autonomous control of the production logistics scenario in-
troduced above can be determined using the catalogue of criteria as illus-
trated in figure 2.6.
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Fig. 2.6 Application of catalogue of criteria
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The properties of each criterion are ascertained on the basis of the de-
scription of the production logistics scenario. After that, weighted evalua-
tion values are calculated by multiplication of criteria weighting as de-
scribed in the preceding chapter and fulfilment of respective criterion. The
total evaluation, which aggregates to 220, represents the total of all
weighted evaluation values and is defined as level of autonomous control
of the considered production system.

On the basis of this production logistics scenario it has been shown that
each logistic system can be classified according to the level of autonomous
control by means of the introduced catalogue of criteria. As a result the
catalogue of criteria is an appropriate tool for comparing logistics systems
regarding their level of autonomous control and therefore for evaluating
fields of application of autonomous control, for example, by using simula-
tion studies.

2.4.7 Conclusions and outlook

In this paper a catalogue of criteria was introduced to describe autonomous
control in logistics systems. Based on the definition of autonomous control
and its main characteristics in the context of logistics, the catalogue of cri-
teria was developed. The catalogue of criteria represents an easy to use
tool that affords an approximate analysis of a logistics system concerning
its level of autonomous control. The catalogue of criteria allows both the
characterisation of an existing as well as a future logistics system concern-
ing its level of autonomous control by determination of the properties of
each criterion. Furthermore, two different logistic systems can be com-
pared regarding their level of autonomous control. The last mentioned
point is of particular importance due to the fact that this comparison allows
an evaluation of the fields of application of autonomy in logistics.

The application of autonomous control in logistics is based on the sup-
position that the allocation of planning and control tasks to autonomously
controlled logistics objects results in a higher achievement of logistic ob-
jectives because of a better coping with high complexity in today’s logis-
tics systems. However, at a certain level of autonomous control, a decrease
of the achievement of logistic objectives seems probable as a result of cha-
otic behaviour.

To verify this thesis an evaluation system for autonomously controlled
logistics systems is necessary that meets the following demands:



70  F.Bose, K. Windt

e Determination of the level of autonomous control of the considered
logistics system,;

e Ascertaining of the level of complexity of the considered logistics
system,

e Measuring of the logistic objective achievement of the considered lo-
gistics system.

Only if an evaluation system meets these demands, it is possible to
make a statement on which level of complexity an autonomously con-
trolled logistics system leads to a better achievement of logistic objectives
compared to conventional control. Based on these demands an evaluation
system of autonomously controlled logistics systems was developed,
which is illustrated in figure 2.7.

Measuring and Control System Potentials of Autonomous Control
Bordersof

ARSRRRR S -7, Autonomous
3 " Control

Achievement _,,-"— N
of logistic
| objectives

N

N\
N\
Complexity N

Level of
AutonomousControl

Complexity Cube Catalogue of Criteria

rocess __structural
Tolated

timerelated
complexity

Fig. 2.7 Evaluation system of autonomously controlled logistics systems

Future research is directed to further development of the catalogue of
criteria, especially detailing and completion of its criteria, as well as the
advancement of the other components of the evaluation system pictured in
figure 2.7. The complexity cube allows the description of the complexity
of a considered logistics system regarding time-related, organisational and
systemic aspects. By means of the measuring and control system, achieve-
ment of logistic objectives can be ascertained through comparison of target
and actual logistic performance figures related to the objectives low work
in process, high utilization, low throughput time and high due date punctu-
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ality. Through simulation studies using the developed evaluation system, it
is anticipated that the borders of autonomous control can be found, speci-
fying in which cases an increase of autonomous control does not lead to
correspondingly higher performance of the logistics system.
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