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Abstract: Automated production systems (aPSs) are often in operation for several decades. Due to a 

multiplicity of reasons, these assets have to be maintained and modified over the time multiple times and 

with respect to multiple engineering domains. An increased economic pressure demands to perform these 

tasks in an optimized way. Therefore, it is necessary to estimate change effects with respect to 

multidisciplinary interdependencies, required surrounding non-functional tasks and the effort and costs 

included in each step. This paper outlines available cost estimation methods for PLC-based automation and 

Information Systems (ISs). We introduce Karlsruhe Architectural Maintainability Prediction for aPS 

(KAMP4aPS), an approach to estimate the necessary maintenance tasks to be performed and their related 

costs for the domain of aPSs by extending KAMP, which is limited to change propagation analysis on ISs. 

KAMP requires a metamodel to derive these tasks automatically. Unfortunately, a domain spanning 

metamodel is missing for aPSs. Hence, we need to develop a part of the metamodel derived from an 

AutomationML description for the chosen demonstrator at first. Finally, we apply and compare different 

estimation methods and KAMP4aPS to analyze the exchange of a fieldbus system as exemplary change 

scenario on a lab size plant to demonstrate the benefits of our discipline-spanning approach. 

Keywords: Embedded computer control systems and applications, Quality assurance and maintenance, 

Programmable logic controllers 



1. INTRODUCTION AND MOTIVATION 

Most of the automated production systems (aPSs) survive up 

to several decades. This long-living characteristic leads to 

some modifications over the time which include component 

replacement due to the physical effects, platform change due 

to the environmental requirements, software evolution to 

improve functionality and so on. Therefore, maintainability is 

one of the important quality criteria of the PLC-based aPS. 

Another important characteristic of aPSs is that an aPS 

comprises of multiple engineering artefacts, e.g. mechanical, 

electrical/electronic and software engineering. The automation 

software is still running on embedded platforms, often on 

Programmable Logic Controllers (PLCs), usually programmed 

in IEC 61131-3 with its five languages without the object 

oriented (OO) extensions available recently. Thus, according 

to prior work (Vogel-Heuser et al. 2016b) some modification, 

due to this characteristic, may cause extensive side effects on 

the other part and introduce some other adaptation work in the 

respective disciplines. To calculate precisely the effort to 

enlarge an aPS with a specific functionality or non-function 

requirements is time consuming and often nearly as 

complicated as doing the change itself. Especially the most 

significant difficulty is to take account of the side effect from 

one discipline to another. The modifications and evolution on 

a specific system are inevitable at some point, e.g. lack of spare 

part availability. The effort for these modification needs to be 

estimated to support the decision to choose the most suitable 

way to evolve the system among the similar ways with regard 

to efficiency, time, and cost as presented in the prior work 

(Vogel-Heuser et al. 2016b). In addition to this, customers 

require a quick reply if they want to decide to upgrade their 

machine or plant. Therefore, it would be beneficial for both, 

engineering company and customer, if the maintenance effort, 

how the required change affects the system, could be estimated 

efficiently instead of performing an educated guess with very 

vague outcome or doing a detailed estimation by looking in 

depth into the respective machine or plant documentation 

consuming a lot of engineering hours. 

Despite of the necessity of this effort estimation on aPSs, there 

is few attempt for this while there have been many approaches 

for analysis on the modification impact in the information 

system (IS) field even though there still exist some limitations 

on each. In (Vogel-Heuser et al. 2016b), it has been discussed 

to classify changes on aPS with enlarging the scheme to a 

multi-disciplinary one using Karlsruhe Architectural 

Maintainability Prediction (KAMP), one of the most advanced 

maintainability evaluation methods for IT systems (Rostami et 

al. 2015). However, it still needs some more effort to estimate 

the cost of the evolution of aPSs. 

The main contribution of this paper is to introduce a 

metamodel based approach, KAMP4aPS, to allow a more 

precise effort estimation in the domain of software and systems 

engineering for an aPS compared to already existing ones. One 

change scenario referring to a replacement of a bus systems is 



 

 

     

 

detailed, the derivation of rules to achieve a task list is shown, 

and thereby the feasibility of such an approach proven in 

general. The benefit compared to the classical I/O based effort 

calculation is shown as well as the limitations of the feature 

based one. 

The rest of the paper is structured as follows. Section 2 gives 

an overview on evolution and effort estimation approaches in 

both automation and software domain also introducing 

KAMP. The main concept of effort estimation from a 

metamodel using KAMP, KAMP4aPS, is introduced in 

section 3. Three evolution scenarios are described with 

introducing the extended Pick&Place Unit (xPPU) as an 

application example to demonstrate and evaluate our 

approach. KAMP4aPS is used to evaluate the scenarios and 

one of thems is given in detail in section 4. In future work, 

KAMPM4aPS shall be automatically applicable also to more 

complicated applications (section 5). 

2. RELATED WORK IN MAINTENANCE EFFORT 

ESTIMATION 

The definitions of maintenance and evolution will be presented 

here followed by state of the art of maintenance effort 

estimation in IS. Afterwards, challenges for estimation in aPS 

engineering are discussed including existing works. Because 

the proposed concept KAMP4aPS is based on KAMP, using a 

metamodel based approach, related work in metamodeling of 

aPSs is discussed (cp. 4.3). Also a domain specific approach 

to provide structural information of a system (AML) enables 

to derive a metamodel. 

2.1 Evolution and maintenance taxonomy from IS 

Lientz et al. (1981) distinguish three types of evolutionary 

changes: corrective, perfective and adaptive evolution. 

Buckley et al. (2005) introduced a taxonomy of software 

change comprising 15 dimensions that characterize the 

mechanisms of change and the factors that influence these 

mechanisms. The dimensions can be subdivided into four 

logical themes: temporal properties (when), object of change 

(where), system properties (what) and change support (how). 

Williams et al. (2010) proposed a scheme for characterizing 

software architecture changes based on a systematic literature 

review. This scheme differs from change classification 

schemes because it does not match change requests into a 

particular class, but characterizes the change as impact with 

respect to a number of characteristics. Jamshidi et al. (2013) 

identified five classification categories: (i) type of evolution, 

(ii) type of specification, (iii) type of architectural reasoning, 

(iv) runtime issues, and (v) tool support. Chapin et al. (2001) 

presented the following clusters of software evolution and 

maintenance: (i) the software, (ii) the documentation, (iii) the 

support interface and (iv) the business rules. 

2.2 Effort estimation in IS 

Task-based project planning without considering software 

architecture (e.g., Boehm 2000) results in an inaccurate effort 

estimation. Approaches to architecture-based project planning 

(e.g., Paulish 2002) and architecture-based software evolution 

(e.g., Barnes et al. 2014) either do not support the estimation 

of change efforts based on an architecture or do not 

automatically analyze the change impact or do not derive 

activities to implement a change request. Several scenario-

based approaches (e.g., Clements et al. 2002) use the structural 

view of architecture and do not consider either management, 

technical, or organizational tasks. In comparison with these 

approaches, KAMP (Rostami et al. 2015) is the approach 

which evaluates the maintainability based on the metamodel 

of the architecture by integrating existing approaches. 

However, even such a commonly accepted software 

architecture is still under development to be aligned with the 

hierarchical structures, e.g. the five level architecture in 

(Vogel-Heuser et al. 2015) or the different layers according to 

Röpke et al. (2016), to approach from the structural view point 

as described by (Christiansen et al. 2011). 

More detailed on KAMP, it predicts the change propagation in 

a software architecture model based on an initial change 

request, assuming a component based architecture. The 

KAMP approach is comprised of two phases: First, the 

software architect models the architecture and enriches the 

model with context information involving all technical and 

organizational tasks (e.g., source code files, test cases, build 

configuration or deployment context). The software architect 

has no knowledge about component internals because 

components are considered black boxes. The software 

architect is only aware of their interface specifications which 

she/he uses to "wire" the single components for building the 

software application (Reussner et al. 2016). This role equals to 

the project engineer in aPS (Katzke et al. 2004). Then, based 

on this information and change propagation rules, KAMP 

calculates the change propagation in the software architecture 

automatically. KAMP finally results in a task list showing all 

the structural and organizational tasks to execute the change 

request. 

2.3 Estimation of challenges in aPS engineering 

For decades effort estimation in automation was purely 

realized by counting input and output signals differentiated as 

binary (open-loop control) or analogue (closed loop control), 

multiplying the results with an hourly effort given per signal 

(Vogel-Heuser 2014). Prähofer et al. (2016) proposes the 

effort estimation based on a feature-model for industrial 

automation software from a real company. They developed a 

feature-oriented modeling environment, backed with 

configuration-aware static analysis methods. Additionally, 

they propose a multi-purpose, multi-level feature modeling 

approach augmented with feature-to-code mappings for 

relating feature models with source code. The application is an 

industrial engineering environment from a platform supplier, 

which is much easier to maintain compared to machine and 

plant manufacturing with its always customer specific 

solutions. The work is concerned with mapping from features 

to module structures in aPSs. In this sense it is an extension of 

the work of Sochos et al. (2004) on mapping feature diagrams 

to software structures. The work presented here differs in two 

respects: (i) the consideration of the structure of the aPS into 

the maintenance effort estimation and (ii) the consideration of 

several physical instances, as change efforts in aPSs can also 

relate to physical entities. As change efforts in the physical 



 

 

     

 

world strongly depend on the number of instances, they differ 

from software changes where one change of the code affects 

all executed instances automatically. 

2.4 Metamodels for cross-disciplinary aPS 

For cross-disciplinary applications, there are two 

fundamentally different approaches. On the one hand, there 

exists the approach to use “various, heterogeneous modeling 

languages and tools to represent specific views or partial 

models of the system under design” (Broy et al. 2010). These 

specific views can range from requirements over system 

specifications to analysis (Feldmann et al. 2016). An example 

for the use of metamodels within an early stage of the 

development process is presented in (Sinha et al. 2015). Here, 

the focus is put on requirements engineering and a coherent 

requirements engineering platform is created. Patil et al. 

(2011) also utilize metamodels within the software domain, 

but for the sophisticated formal verification of plant 

controllers, as they are used e.g. for industrial robots. These 

domain-specific or even task-specific models can then be 

connected and kept up-to-date by use of synchronization. Due 

to overlaps among the different disciplines, inconsistency 

management between models is required (Feldmann et al. 

2015a). 

Another approach, as presented by Estevez et al. (2012), is to 

rely on existing domain-specific models, but to integrate them 

by means of model transformations. Hence, model checking in 

order to ensure consistency becomes a necessity within this 

approach, too. Within (Shah et al. 2010), multi-view modeling 

is also supported, so that discipline-specific tools can be 

maintained. Combining the different views is then achieved by 

model transformations to and from a common system model, 

resulting in the so-called model integration framework. The 

common system model is implemented in Systems Modeling 

Language (SysML) and includes the data to be exchanged 

among disciplines as well as dependencies among the different 

domains. On the other hand, there is the endeavor to represent 

all the necessary information within one metamodel. Efforts 

have been made by Bonfé et al. (2005) to combine software 

and physical aspects in one common model by extending the 

Unified Modeling Language (UML). Thramboulidis (2005) 

proposes an architecture that supports model-integration based 

on model-transformations already in early development 

phases. This is achieved by the introduction of the construct of 

a mechatronic component. Thus, the models of the three 

different domains, i.e. mechanics, electronics and software, are 

integrated. The most recent approach is presented by 

Berardinelli et al. (2016), who mapped the data exchange 

format AML against the SysML. That way, tool-independent 

interoperability is supposed to be established and cross-

disciplinary modeling shall be facilitated. Linking different 

views as well as engineering artifacts in AML and versioning 

of the resulting cross-disciplinary models is especially 

addressed in (Biffl et al. 2015). 

Up to now, however, a commonly accepted all-encompassing 

metamodel is not available and, even worse, IEC 61131-3 

software in aPSs is mostly not OO yet, only 10% out of 72 aPS 

supplying German companies use OO concepts as standard 

according to (Vogel-Heuser et al. 2017). Therefore, we choose 

a bottom-up approach and propose an XML-based way using 

the structural description of AML. 

2.5 AML for description of aPSs structure 

Within the development of aPSs, different domains cooperate 

and this results in high complexity. At the same time, there is 

a continuous demand for reducing the time to market (Schmidt 

et al. 2014). As these domains all have their specific tools, it is 

often challenging to maintain a cross-disciplinary overview 

(Drath et al. 2011). In the worst case scenario, incompatible 

vendor-specific tools lead to duplication of work (Schmidt et 

al. 2015). AML is designed as an XML based data format to 

enable the lossless exchange of data across the disciplines 

(AutomationML Whitepaper Part 1 2016). 

By use of AML and the corresponding engineering process, 

the different domains are intertwined more closely, flexibility 

is increased and engineering costs reduction can be realized 

(Lüder et al. 2010, Schmidt et al. 2015). It was also ascertained 

that an integrated approach like AML is more promising 

concerning a cost down in engineering than further 

optimizations of individual tools (Schmidt et al. 2014). In the 

same expert survey (Schmidt et al. 2014), the main 

requirements towards a cross-disciplinary exchange format 

were identified. First, there is a need for a consistent and 

lossless exchange of data among heterogeneous engineering 

tools, which is enabled by AML itself. Secondly, version 

management is necessary. This is partially realized within 

AML but should be further supported by additional tools 

(Mordinyi et al. 2015, Berardinelli et al. 2016). And thirdly, 

consistency needs to be checked and external reasoning tools 

are being developed (Biffl et al. 2014, Sabou et al. 2016) since 

this is not part of AML. 

3. CONCEPT FOR KAMP4aPS APPLIED TO AN 

EVALUATION EXAMPLE 

So far, KAMP is limited to software systems. In order to adapt 

KAMP to a new domain (i.e., the domain of automation 

systems) we introduce the necessary enhancements included 

in KAMP4aPS. Since our work is embedded in the SPP 1593, 

we choose the respective aPS demonstrator xPPU (cp. Fig. 2) 

to demonstrate KAMP4aPS. 

3.1 Concept to evolve KAMP into KAMP4aPS 

To adapt KAMP to the domain of aPS, we first need to 

metamodel this domain and define change propagation rules 

(e.g., Fig. 6). In section 4 we present an excerpt of the 

metamodel and the change propagation rules needed to apply 

the KAMP4aPS. KAMP uses a metamodel for change 

propagation prediction. The metamodel of a system represents 

the important design decisions and the relevant components. 

Using a metamodel the structural change propagation can be 

calculated. To automatically calculate the change propagation 

in a system, change propagation rules have to be defined. 

Finally, the main impact of implementing a change request 

comes from organizational activities such as adapting the 

documentation, ECAD information, training users, or adapting 

and conducting change requests. Therefore, to correctly 



 

 

     

 

predict the change impact, we need to take these tasks into 

account (Fig. 1). 

 

Fig. 1. Procedure to apply KAMP4aPS 

3.2 xPPU as application example for evaluating KAMP4aPS 

The xPPU (Fig. 2) is an advancement of the Pick&Place Unit 

(PPU), a simple lab size manufacturing plant, that shows more 

than 70 different evolution scenarios (Vogel-Heuser et al. 

2016a). Thereby, more complex functionalities as well as non-

functional aspects like safety are considered as well. Also, all 

relevant engineering documents are provided. In the following 

the xPPU is presented using its structural AML model as well 

as the selected three change scenarios that differ in complexity 

and disciplines involved to demonstrate the strength and 

weaknesses of the different estimation concepts. 

3.2.1 Introduction to the extended Pick and Place Unit 

 

Fig. 2. Picture of the extended Pick and Place Unit (xPPU) 

The xPPU consists of a stack, a crane, a stamp and a conveyor 

and can process different sorts of workpieces (WPs). By 

extending the PPU by a variety of additional sensors as well as 

a more complex conveyor system, the xPPU with its increased 

functionality is created. WPs are still stored at the stack and 

are moved depending on their material. They are either 

transported with the crane module to the stamping module 

before being sorted in the sorting unit or they are directly 

transported to the sorting unit. Due to the xPPU’s enlarged 

conveyor system, re-feeding of WPs from the original 

conveyor belt back into the manufacturing process is enabled 

and the order of the WPs may be changed. 

3.2.2 Selected change scenarios with different complexity 

In order to evaluate the propagation of changes across different 

disciplines within aPS, three exemplary change scenarios 

conceivable in industry are presented in the following (Fig. 4). 

The first and simplest change (Sc1) is the replacement of a 

binary sensor by an analogue one. Within the xPPU’s initial 

configuration, the crane’s turntable features three 

microswitches for the three defined positions of the stack, the 

crane and the conveyor. Information about the turntable’s, and 

thus the crane’s, actual position may be useful, though, e.g. for 

detecting if the crane is stuck in some way. Therefore, the three 

microswitches are replaced by a rotatory potentiometer, which 

returns a value for the crane’s turning angle. Obviously, the 

three fixtures for the microswitches become useless with the 

microswitches’ replacement. Instead, a fixture for the 

potentiometer needs to be installed. In addition, the new sensor 

has to be connected to a power supply as well as to the bus 

network. Finally, the software also has to be adapted 

accordingly. 

 

Fig. 3. Depiction of the xPPU’s model for Sc2 in AML 

The second scenario (Sc2) is a change in the network 

architecture (Fig. 3). Whereas the xPPU uses ProfibusDP in 

the initial configuration, it may be desired to implement an 

EtherCAT network instead, e.g. due to compatibility reasons. 

This results in major changes in the domain of electrical 

engineering. As all the sensors and actuators are connected to 

the controller via the network, the interface for each and every 

one of them needs to be changed. I.e., the buscouplers for all 

the sensors, actuators and the controller as well as diverse bus 

boxes, for bundling the signals, need to be replaced. Finally, 

all network cables also have to be exchanged. This change in 

network architecture does not propagate to the domains of 

mechanical and software engineering, though. 

The third scenario (Sc3) describes the system’s extension so 

that self-healing is supported. Self-healing in this context 

means that the xPPU is able to detect and, at least in some 

cases, even handle faults on its own. As the information 

provided by the sensors within the initial configuration is 

insufficient for this purpose, the xPPU has to be adapted. 

Required additional information for this advanced 

functionality can be achieved either by actually adding new 

sensors or by combining information of sensors that are 

already installed. Adding physical sensors to the xPPU 

involves all three disciplines. From a mechanical engineering 

view, a sensor has to be attached by use of a fixture. With an 

electrical engineering perspective, it is necessary to add 

connections for power and communication. Finally, within the 

software domain, the additional variables attained from the 

new sensors have to be represented within the code and the 

enhanced functionality needs to be realized. 



 

 

     

 

 

Fig. 4. Correlation between the scenarios and the domains 

4. EVALUATION OF THE EFFORT ESTIMATION 

APPROACHES ON THE xPPU 

The three different cost estimation approaches are shortly 

explained and applied to Sc2 to show the differences between 

the concepts. Strengths and weaknesses are discussed for each 

estimation concept. 

4.1 I/O based approach 

The I/O based approach, similar to the Function Point 

approach, counts the changed inputs and outputs as seen in 

Table 1. In order to use the components introduced in the three 

change scenarios, they all need to be connected to the PLC. 

Due to the diverse nature of the three scenarios, the fieldbus 

system as well as the IO-blocks are affected and therefore need 

to be considered when calculating the change effort. 

Table 1. Incremental changes to the I/O count of the xPPU 

during the three change scenarios. 

  Sc1 Sc2 Sc3 

ProfibusDP Couplers (Wires)   -10 (-10)   

EtherCAT Couplers (Wires)   +10 (+10)   

Digital Inputs -3   +3 

Analog Inputs +1   +7 

For Sc1 and Sc3, the changed sensors result in cost information 

by using cost per input for the automation hardware and 

software. Additionally, costs per fixture are calculated for the 

mechanical part. The approach is very easy and efficient for 

Sc1, but does not consider the more complex control logic 

necessary in Sc3. In Sc2, the sensors remain unchanged but the 

former ProfibusDP bus couplers are replaced by EtherCAT 

ones. Therefore, the hardware costs for replacing 10 bus 

couplers need to be calculated according to the engineering 

hours for engineering staff as well as shop floor staff (e.g., for 

rewiring of the control cabinet). Such a calculation would be 

based on experience and, because the communication is also 

affected, given a higher calculation factor according to the 

function point method. Nevertheless, the risk of the unknown 

and possibly untested fieldbus system would be estimated by 

a project planning engineer in cooperation with the component 

developers from electrical and software engineering, basically 

resulting in an educated guess. On the other hand, the 

calculation method is quite simple and proven for years. 

Relying on already finished projects, the experience and 

controlling figures of these projects are included, but new risks 

are not considered. 

4.2 Feature model based approach 

Based on former work (Feldmann et al. 2015b), the feature 

model from a customer’s view as well as from a developer’s 

view (Fig. 5) has been developed, showing the different bus 

systems and evolution aspects. To estimate the effort of such 

an evolution step, an entire model similar to the work of 

Prähofer et al. (2016) but enlarged with automation and 

mechanic hardware would be necessary, as well as the 

mapping to hardware and software changes (cp. section 2.3). 

The feasibility of the feature model based approach is certainly 

given for software platform suppliers also in automation, but 

it is hard to introduce for aPS suppliers due to their customer 

specific business. Such a model would need to cover all 

variants and versions resulting in complex, confusing and hard 

to efficiently maintain models. For the three mentioned 

scenarios the feature model based approach shows in the top 

level developers’ view the different affected features. To 

achieve a more accurate estimation compared to an I/O based 

approach, much more details need to be modeled including the 

detailed technical solution. This may be done e.g. in a table as 

introduced by Feldmann et al. (2015b). 

 

Fig. 5. Feature model from a customer’s and a developer’s 

point of view (Feldmann et al. 2015b) 

4.3 Effort estimation with Kamp4aPS 

The procedure to estimate the effort for Sc2 is based on KAMP 

as introduced in section 3.1. At first, all relevant context 

information is gathered, i.e. code examples, component lists or 

CAD/CAE-drawings. Next, the metamodel is derived from the 

AML model for the application example xPPU. Based on the 

metamodel the propagation rules are developed and the task 

list is derived manually for this example. 

4.3.1 Derivation of a metamodel of the xPPU 

To derive the exemplary aPS metamodel, the AML description 

(cp. Fig. 3 for an excerpt) is provided as a starting point from 

automation experts. The corresponding metamodel has then 

been developed in iterations between computer scientists and 

automation engineers. The System Unit Class (SUC) Library 

within the AML model provides proper level of abstraction 

while the Role Class Library is too abstract and the Instance 

Hierarchy is too conrete. It thus forms an adequate counterpart 

to the metamodel. Sc2 is chosen to present the approach of 

KAMP4aPS in this paper for two reasons. Firstly, Sc2 has an 

appropriate degree of complexity for the scope of this paper. 

Also, Sc2 is initially electrical hardware related, so the 

feasibility of the approach for more than software systems can 



 

 

     

 

be proved. In order to enhance lucidity, only relevant parts of 

the metamodel are depicted (Fig. 6). Analogously to the AML 

file, the metamodel includes structural classes such as 

‘Conveyor’, ‘Crane’ or ‘CommunicationNetwork’. These 

structural classes consist of modules and components. While 

components like sensors are purchase parts, modules are 

composed of components by the aPS supplier. Elements of the 

metamodel are connected to the others using interfaces, which 

are also represented in the metamodel. Since Sc2 is examined 

more closely, focus is especially put on the communication 

devices. This way, all changes of Sc2 are visible within the 

metamodel. 

 

Fig. 6. Reduced metamodel for Sc2 with influenced classes 

highlighted grey and an exemplary change propagation. 

4.3.2 Change propagation rules 

In the following, we present an excerpt of the change 

propagation rule set based on the metamodel: If a sensor 

module changes, the change propagates to the related fixture 

and to the bus slave. This fixture changes cause the fixture 

modification of the superordinated module. If the bus slave or 

a bus master changes, the change propagates to the bus cable, 

and vice versa. A bus change leads to effects on the bus box 

and on components that contain this component. The arrows 

on Fig. 6 represent some expected change propagations from 

bus component to crane with setting the seed change at bus 

compoenent. This seed change affects all the bus related 

components (path (a) on Fig. 6). Through the media, which is 

a bus cable in this case, interfaces are affected (b) and this 

change propagates to the component of the crane (c). So, crane 

is regarded as affected (d) and the succeeding changes are 

happening continuously. In the same manner, changes 

propagate to control cabinet, pusher, sensor module, motor 

module, pneumatic network and so on. 

4.3.3 Task lists 

Since KAMP4aPS is a scenario-based approach, the aPS 

project engineer (using existing components) has to model the 

system as an instance of the metamodel and annotate the model 

with context information (e.g., documentation or test cases). 

The project engineer also has to define the initial change 

requests in the model of the system. KAMP4aPS then derives 

the task list based on the change rules, the metamodel, the 

initial change request and the context annotations for the 

model. If the implementation is completed, KAMP4aPS will 

automatically generate a task list that shows the structural 

change propagation in the metamodel and the organizational 

tasks (e.g., acceptance test or training courses) needed to 

implement a change request. Currently, we are working on the 

complete implementation of the approach in the KAMP 

tooling to support automatical generation of task lists. 

 

Fig. 7. Depiction of the task list for Sc2. Highlighted 

exemplary cost units are engineering staff (eng), material and 

procurement (m&p) and shopfloor (sf) 

In Fig. 7, activities following the changes on the bus couplers 

are derived from the metamodel. Aside from the desired 

modifications themselves, surrounding tasks like procurement, 

controlling, testing or documentation tasks are often 

mandatory. Modifying the list of spare parts or conducting 

feasibility studies are examples of change impacts that are not 

represented in the metamodel. Annotating the metamodel with 

context information is required to consider the orgsanizational 

impact. Similar to the feature model approach, more 

information enables more precise estimation. One advantage 

of KAMP4aPS we could identify so far is the ease to derive 

the task list. A challenge, on the other hand, is to map the 

change from the metamodel automatically to the rules and to 

propose tasks which may be selected by a sales related 

engineer. Omissive tasks will be identified and considered for 

effort estimation in an earlier stage before sending the 

proposal. We assume that the task list would be a perfect 

means to introduce more transparency into the effort 

estimation phase and to allow more efficient and clearer 

communication in between design departments and sales 

department. 

4.3.4 Computational complexity of KAMP4aPS 

KAMP4aPS iterates over all model objects and tags those as 

changed that are affected due to one of the change rules. So, 

the computational complexity of the algorithm is 𝒪(𝑛)  in 

general, where 𝑛  represents the number of model elements. 



 

 

     

 

Furthermore, the algorithm is comprised of rules, where the 

computational complexity of each rule can be in 𝒪(𝑛2) , 

depending on the specific complexity of each rule and 

assuming that the complexity of the underlying model search 

algortihms is in 𝒪(1). The execution time has beed measured 

for Sc2 applied to plants of increasing size using a prototypic 

implementation on Eclipse 4.5.2 and the Eclipse Modeling 

Framework (EMF). The benchmark was executed on an Intel 

i7 4790K. The calculation time takes 7 ms for a plant 

consisting of 2 cranes and 4 conveyor belts, and just 14 ms 

even for a 10 cranes and 20 conveyor belts model where the 

initialization time was measured at 6 ms without any 

production modules. 

4.3.5 Comparison of the effort estimation concepts 

The task list provided by KAMP4aPS represents a collection 

of fine-grained maintenance tasks derived from the system 

architecture. These tasks are more extensive as well as much 

more detailed in comparison to the results of existing change 

effort estimation approaches like I/O calculation or customer 

domain feature models. This holds especially true for Sc2, as 

a task-based approach includes early feasibility studies as well 

as documentation and training changes, which are often 

neglected. Additionally, it is much easier to estimate the effort 

of these fine-grained tasks. Based on the task list, the 

developer can eventually determine the overall effort by 

simply composing the efforts estimated for the fine-grained 

tasks. In conclusion, we can apply controlling tools such as 

SAP or Cocomo (Boehm 2000), to assign costs in terms of 

person hours or money to the derived tasks. 

5. CONCLUSION AND FUTURE WORK 

KAMP4aPS allows a more precise effort estimation in the 

domain of aPSs compared to I/O based estimation or feature 

models. We propose to adapt KAMP, initially designed for 

change impact analysis in information systems, and enlarge it 

to be applicable to aPS. The most important shortcoming is the 

required metamodel to derive the rules from seems to be far 

away for the domain of automation. Nevertheless, in the 

attempt to standardize industry 4.0 (I4.0) systems also a joined 

minimal metamodel will be available. Also, we succeeded in 

applying KAMP4aPS to a small aPS by deriving a 

multidisciplinary metamodel for three scenarios from a 

structural AML description. In principle, AML, specifically 

SUCs, contains a part of the metamodel and it is much easier 

for automation engineers to model than in other modeling 

languages. Therefore, the model in AML is much easier to 

achieve and to provide. We propose to continue using AML 

models as basis to derive the metamodel for the aPS domain, 

knowing that different companies and different application 

domains propose and use different AML modeling approaches 

and thereby different SUCs. But, the claim is less general and 

a general metamodel may be available by gathering different 

AML models from different companies also on the long run. 

To standardize a joined metamodel beforehand seems to be 

nearly impossible. By using constraints and conditional 

change propagation rules, our approach could also be 

enhanced to cover change requests not yet considered, e.g. 

power regulation depending on the ambient temperature and 

change requests for new panels in case there is no free slot 

available in exiting panels. In the future, we will interconnect 

existing community case studies from information systems 

and production systems domain to construct a comprehensive 

I4.0 case study required for validating change propagation 

among domain boundaries. Involving software in more detail 

needs further work to choose the most appropriate way to 

realize Sc3 including different software paradigms and their 

influence on the effort, e.g. OO or state based software 

modules similar to an OMAC state machine and by that also 

behavioral aspects with PLCopenXML. 
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