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Abstract: The paper extends the Autonomous Logistics Engineering Methodology 
(ALEM), proposed to engineer logistic systems based on the principle of 
autonomous logistic processes, by certain aspects of immaterial logistic 
objects driving and trigging the manufacturing process. A hierarchical 
modelling concept is used to split customer orders logically into partial 
orders which combine different manufacturing steps. The amendments 
enable mapping and integration of product structures and customer orders in 
manufacturing up to the detail level of a single machine and are a further step 
to integrate autonomous control into existing manufacturing systems. 
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1 Introduction 

Changeable manufacturing (ElMaraghy 2009) and autonomous control (Hülsmann 
& Windt 2007) are recent paradigms in manufacturing systems research. The first 
concept encompasses the achievement of changeability for products, processes, 
facilities and organisations, while the latter focuses on processes in particular. 
Autonomous control aims to increase the robustness of a system and to reduce the 
complexity of its processes due to increased flexibility and local autonomy. The 
Collaborative Research Centre (CRC) 637 investigates the benefits and limitations 
of the paradigm of autonomous control in logistic processes with a focus on 
production and transportation logistics.  
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1.1 Research Question 

The Autonomous Logistics Engineering Methodology, ALEM, (Scholz-Reiter, et 
al., 2009), is developed by the CRC 637 to model a logistic systems based on the 
principle of autonomous control. It focuses on production logistics and the relevant 
physical logistic objects, e.g. half finished products and resources like machines. 
Benefits of autonomous processes have been shown in simulation studies for 
manufacturing scenarios with n x m machines (Scholz-Reiter, et al., 2006a) and for 
routing in transportation networks (Scholz-Reiter, et al., 2008a). 

1.1.1 Restrictions in Present Modelling Methodology  
The current reference model (Fig.3.) does not distinguish strictly between the 
different views of ALEM (Fig.1.). Some elements shown in the structure view can 
be represented in the ability view or in the knowledge view as well. Even if this is 
caused by the kind of application used, this fact might indicate limits of the 
modelling methodology caused by underlying assumptions, for example.  

ALEM does not describe how immaterial logistic objects, like “orders”, shall 
be modelled. Many physical logistic objects are modelled in the structure view, but 
the “order” is the only immaterial logistic object in this view. Orders represent one 
specific commodity travelling autonomously through the production network. It is 
induced by a production planning and control (PPC) system into the job shop for 
execution. Neither a dispatch mechanism is defined that triggers a single process 
nor is a definition provided for the exact meaning and the type of an order.  

1.1.2 Integration of Order Decomposition and Assembly Processes 
A detailed model is required to describe immaterial objects, in particular “orders”. 
The first order a company receives is a customer order. Usually this order cannot 
be processed directly by a manufacturing system, because of its low granularity. 
The order’s granularity must be refined by decomposition. New meta-model 
elements and preconditions for modelling of orders have to be integrated into the 
modelling framework. The methodology should consider customer orders directly 
and the consequences for the modelling methodology have to be discussed.  

In addition, manufacturing usually involves processes in production and 
assembly, but ALEM is designed to model production processes only, neglecting 
an essential part of the real world. The integration of assembly processes may lead 
to additional requirements, new elements of the notation meta-model or to changes 
in the procedure model. An amended model has to be able to cope with 
synchronisation issues at assembly stations, as well as with order decomposition 
and management.  

1.2 Structure of the Paper  

After introducing the research question in section 1, the next section explains the 
concept of autonomous control in logistics. It describes the modelling methodology 
ALEM and gives an example of the status quo reference model.  

The third section introduces the proposed amendments of ALEM. It provides 
the concept of an order hierarchy and decomposition, as well as changes in the 
view concept, in the notation and in the procedure model. A new structure 
reference model is provided too. The last section summarises the work and gives 
an outlook for future research. 
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2 Modelling of Autonomous Control 

Objectives in PPC systems can be divided into economic and logistic ones from 
which the latter can be subdivided into logistic costs and logistic performance. 
Relevant objectives are high utilisation, availability, productivity, and rate of in-
time delivery as well as low inventory, process costs, and throughput times. 
(Scholz-Reiter, et al., 2005a, Scholz-Reiter, et al., 2007c, Wiendahl 2005) 

The objectives are accompanied by aspects like increased flexibility, adaption 
of different lot sizes and product variants, as well as a reduction of lead times and 
an increase of on-time delivery rate (Wiendahl 2005, Luczak, et al., 2001, Scholz-
Reiter, et al., 2005a). Autonomous control is seen as a possibility to better achieve 
these objectives leading to positive emergence and increased system robustness. 

2.1 Autonomous Control 

Roots of the term autonomous control are located in biology and physics which 
tried to understand autonomy and self-organisation. Other sources of research are 
artificial intelligence and control theory (Scholz-Reiter, et al., 2006b). 

2.1.1 Definition of Autonomous Control 
The CRC 637 defines autonomous control as “processes of decentralised 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.” (Windt, et al., 
2008).  

2.1.2 Characterisation of Autonomous Control 
Complex autonomous systems can be structured into three layers (Windt, et al., 
2008). The decision system layer includes the decision-making ability, as well as 
planning and control functions. The information layer contains information storing, 
communicating and processing abilities, e.g. sensing of the environment and its 
own state. The execution system layer enables logistic objects to react flexibly to 
dynamic changes in the environment. Based on the level model Hülsmann and 
Windt (2007) developed a catalogue of criteria to characterise the level of 
autonomous control of a system.  

Preconditions for implementation of autonomous control are the existence of 
decision alternatives within a logistic network and the presence of decision 
competence at logistic objects in form of knowledge about methods and 
algorithms. The methods can be implemented either normative by the system 
designer or they can be explored by the logistic object itself with self learning 
strategies. The autonomous logistic objects are lead by their own local objective 
system given by the system designer. However, no guarantee can be given for a 
certain global behaviour or performance (Scholz-Reiter, et al., 2007c). Decision 
alternatives can be generated by redundancy of types of resources, manufacturing 
steps, or links across product structures (Scholz-Reiter, et al., 2005c). 
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2.2 Concept of Modelling, Views and Notation in ALEM 

The conceptual approach for modelling autonomous logistic systems is based on 
the UML abstraction model. The notation relies on standard UML diagrams as far 
as possible and is extended by certain elements and diagrams, e.g. a knowledge 
map and a layout diagram (Scholz-Reiter, et al., 2007a, OMG 2009).  

System and process models usually imply a high degree of complexity. This 
complexity can be handled by applying a view concept to focus at specific aspects 
of the whole model (Scheer 2001). Figure 1 shows the view concept for modelling 
of autonomous logistic processes (Scholz-Reiter, et al., 2005b). It consists of five 
views and distinguishes between static and dynamic sub-models describing 
structure and behaviour each. The micro view describes the elements inside model 
and the macro view the interaction between the elements.  

 

Fig. 1. ALEM View Concept (Scholz-Reiter, et al., 2007b) 

The structure view describes the relevant logistic objects in a class diagram. A 
layout-diagram of the shop floor supplements the abstract object classification. 

The knowledge view denotes knowledge which has to be present at each object. 
It can be derived from the process view and must be specified location and form.  

The ability view shows type and structure of abilities being required by logistic 
objects. Abilities can be split into sub-abilities and interpreted as abstract sets of 
operations. They are realised by interfaces and are associated with logistic objects. 

The process view uses activity diagrams and state machines to focuses on the 
logic-temporal sequence of activities and states of production control processes. 

The communication view describes the object’s interaction and the information 
exchange. The messages content is modelled in class diagrams.  

2.3 ALEM Procedure Model  

Scholz-Reiter et al. (2008b) propose the procedure model ALEM-P (Procedure) to 
guide the user in the modelling process of an autonomous logistic system (Fig. 2.). 
Although the procedure’s steps show a straight sequence, the modelling order 
differs in certain cases. If a specific algorithm for autonomous decision making 
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shall be employed, this process must be described before modelling of the abilities. 
Feedback loops allow to include new aspects of the system that appear while 
modelling. The procedure model allows being followed top-down and bottom-up.  

Objectives are a precise kind of knowledge that is allocated at each logistic 
object. Decisions depict the micro view of a decision method, while processes are 
part of the macro view. Both belong to the process model. Step one to seven refer 
to modelling of the system on an abstract level while the eights step is used to 
instantiate this model and to configure the spatial layout of the system elements. 

  

Fig. 2. ALEM Procedure Model (Scholz-Reiter, et al., 2007b)  

2.4 ALEM Structure Reference Model  

Figure 3 depicts the ALEM structure reference model as base of an autonomous 
system design. The logistic object is the centre, owns a set of objectives for 
decision making and communicates via messages. Customer order, commodity and 
resource are specialised logistic objects and inherit their attributes and methods. A 
machine is a special type of a resource being able to execute production steps. 
Application of a production step changes the commodities type. Customer orders 
are composed of order items and are fulfilled by commodities of a certain type.  

 
 
 
 
 
 
 
 
 

 
 

Fig. 3. ALEM Structure Reference Model (Kolditz 2009) as UML class diagram 
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3 Enhancing Modelling of Autonomous Control with ALEM 

The ALEM meta-model will be extended to describe the concept of customer 
orders and object properties. This implies the introduction of the new concept and a 
further definition of semantic and syntactic elements within the ALEM framework. 

3.1 Concept for Hierarchical Order Decomposition 

A concept of commodity property management within the manufacturing process 
and a product structure diagram (PSD) are proposed to decompose and model 
orders in ALEM. Each intelligent object retains a list of properties, describing its 
actual state. The properties consist of a name and a value. The new diagram depicts 
the product structure in terms of production and assembly steps, making use of the 
object’s properties. Each PSD explains the complete structure of a single orderable 
product by defining its manufacturing steps, the objects that are necessary to 
perform a step and the result from application of a step. The objects properties are 
affected by and used in the manufacturing steps.  

3.1.1 Order Decomposition and Execution 
Customer orders are mapped unto a PSD (Fig.4.a.), which then is decomposed into 
several system internal orders (Fig.4.b.). The decomposed manufacturing orders 
can be classified into assembly orders and production orders.  

A production order consists of a structured list of all production steps to be 
taken until either an assembly step, or a leaf node is reached. Assembly orders 
consist of one assembly step. After the decomposition, the manufacturing orders 
have to be communicated to instances of the objects that are going to execute them. 
Therefore, a kind of register is introduced. The customer orders register to it, while 
it is used by the commodities to acquire new manufacturing orders. If an object 
decides to accept one of these manufacturing orders, manufacturing goals are 
passed to it, which represent the respective path in the PSD. Following the example 
given in Figure 4.b. the “Hull”-object on the leftmost leaf node will receive the 
sequence of goals ProductionOrder.2, AssemblyOrder.1 and ProductionOrder.1. 
Logistic objects use these goals to negotiate autonomously with the respective 
resources about which and when to use a resource according to their objectives.  

PSDs allow modelling production processes which fork and rejoin (Fig.4.). 
When there is more than one branch within a production order, the logistic object 
chooses between the next step of each branch. Either way, all production steps of 
each branch have to be satisfied, before the branches can rejoin.  

3.1.2 Synchronisation 
Assembly steps can only be performed when all required logistic objects have 
finished their preceding manufacturing tasks and are present at the assembly 
station. ALEM has to allow modelling of different concepts of synchronisation, 
which can be performed either decentralised by the commodities, or rather 
centralised by the assembly resources. The latter case is described below as 
reference synchronisation process. 

Logistic objects looking for a particular assembly step request this step form 
one or several suitable assembly resources. The resource waits until all necessary 
logistic objects have requested this assembly. Then it collects and aggregates all of 
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the logistic objects goal-functions and returns the result to the participants. The 
method assures that each participant receives the same combined rating for each 
resource, resulting in the same decision on which machine to join. 

 
a                                                   b 

Fig. 4. Product Structure Model (a) and decomposition to manufacturing orders (b) 
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two object nodes to a new object node and add new properties (e.g. in centre of 
Fig.4.a.). Production nodes modify properties of an object node passing through 
(“Milling” or “Drilling” on Fig.4.a. left branch). Each object node, except for the 
root node is followed directly by one or more production nodes or by exactly one 
assembly node. Each manufacturing node is followed by one object node, whose 
properties and type reflect the changes made by the last process step. 

Every object node used in a PSD retains a list of properties. These are designed 
to be as generic as possible. They are identified by a textual name and additionally 
hold a value. This allows to model properties in different granularity. It is possible 
to express that an object is painted, by applying the property (Property: ”painted”, 
Value: blank) just as well as a very precise description of single aspects like: 
(Property: ”hole.diameter” Value: 9mm). By default an assembly step replaces all 
properties from the input nodes by new ones, while a production step copies all 
properties. Other property modifiers may either be deleting or creating properties. 
Removal of properties from an object within this diagram does not imply that the 
information is removed from the system. Abilities can be implemented to store this 
information for further use. PSDs have to be integrated into the knowledge view. 
Knowledge maps are used to assign the modelled manufacturing steps to the 
logistic object that will perform them. 

3.2.2 Mandatory Abilities 
Mapping and decomposition of customer orders as well as accounting of goal-
creation from manufacturing orders are realised as abilities. In the reference model, 
these abilities are associated to the order register. Synchronisation is defined in the 
ability, process and communication views and is assigned to the respective objects. 

This setup allows the implementation of different strategies of autonomous 
control for different models. For example, the register’s abilities can be assigned to 
other, different objects to decentralise this process for large scaled scenarios.  

3.2.3 Implications on the ALEM-Procedure Model 
Product structures are knowledge applying to a specific manufacturing scenario. 
Thus modelling could take place in the sixth or eights step in ALEM-P. A specific 
product structure instantiate the decomposition of a specific product placed in a 
customer order, but it is not a generic modelling of an autonomous system. Hence, 
PSDs appear in the knowledge view and are modelled in the eights procedure step.  

Although PSDs could be defined earlier because of their importance for order 
decomposition, this position is well suited. PSDs neither relay on information 
defined earlier, nor offer information, which is necessary to define other aspects of 
the model. The semantic meta-model of ALEM-P is not changed. 

3.2.4 Amendments to ALEM Structure Reference Model 
Customer orders are treated as intelligent objects. They are defined in the structure 
view class diagram and consist of assembly and production orders. Their necessary 
abilities and knowledge are assigned the in the respective views. A customer order 
includes at least the amount and type of ordered products. Other information can be 
extended if appropriate. The entry commodity type becomes mandatory, because it 
is referenced and instantiated by PSDs. An order register is represented as 
intelligent object. It manages order mapping, decomposition, accounting, and goal-
creation (Fig.5.). 
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Fig.5. UML Class diagram of new ALEM structure reference model 

4 Conclusions and Outlook 

Integration and embedding of assembly processes enable a more precise and 
extensive way to model autonomous manufacturing processes. Knowledge about 
product structures is already present in companies and can be used with little effort. 
The way of knowledge representation in ALEM does neither restrict possible 
strategies of autonomous control nor the way in which they can be realised. The 
reference model can be adapted to other strategies by reusing or redefining some of 
its components. Next step will be the embedding of the ideas in ALEM-T (tool).  

Different implementations and allocations of the introduced processes, e.g. 
synchronisation or order decomposition, will be examined with ALEM to test the 
modelling capabilities of the meta-model and the reference model.  

Further research has to be carried out to model an extended manufacturing 
reference scenario. A simulation component has to be integrated in ALEM to find 
out how the autonomous processes work and how the system performs under 
certain conditions, like hop-wise decision algorithms. Simulation is a precondition 
for evaluation of different system architectures and infrastructure configurations.  
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