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Abstract. The engineering and operation of cooperative information systems,
such as production automation systems, typically involves stakeholders from
several backgrounds, e.g., business, electrical and software engineering. Heterogeneous stakeholders of production automation systems, such as both business and technical stakeholders, need to cooperate and share information to perform and monitor production processes. Major challenges are to validate the
run-time system processes with the designed processes and to analyze the structure of the components of the systems for analysis and decision making. In this
paper, we investigate an approach for process analysis and organizational mining to support monitoring and improvement of systems processes based on integrated events logged during run time on simulation of production automation
systems. Major result in the study context was that the proposed process analysis and organizational mining approach provided a better view on the structure
and relationships of the system components and improved the system production output.
Keywords: business process management and integration; process modeling,
analysis and design.

1 Introduction
Production automation systems as cases of cooperative information systems involve
different layers of stakeholders that need to cooperate to reach their common goals.
Stakeholders of the systems consist of experts from different backgrounds, such as
business, electrical and software engineering. To reach their common goals, each
stakeholder should share their expert knowledge that is usually embedded in their
different tools and data models. However, the information needed by a stakeholder
from other stakeholders usually depends on the specific goals and tasks. For example,
the business manager may want to know how much products he will get produced
regarding certain business orders he assigned for a certain period, while key parts of
this information are available only on the run-time level of the production process.
Process analysis based on run-time events can provide valuable input to discover the
kind of information needed by the business manager. The analysis of run-time events

can give a timely view on the actual conditions of the system and can be compared
with the designed model for conformance.
In this paper, we propose approaches for process analysis and organizational mining in the production automation engineering domain. The process analysis approach
can help the business/project manager to check the conformance of the run-time processes with the designed process model. The organizational mining of events and processes can help the project manager to investigate the structure and interactions between the systems components during run time. These analysis results can provide
significant input to maintenance planning and further decision making. We evaluate
the proposed approach with data from a real-world production use case.
As a running use case from the production automation domain we use the assembly
of complex products from simpler product parts, implemented as the Simulator of
Assembly Workshops (SAW). This simulator simulates components of real manufacturing systems and their behavior based on multi-agent systems technology validated
with the behavior of the equivalent lab hardware1. The simulator accepts business
orders, dispatches work orders, and schedules these work orders to assemble products
according to the business orders. During the production processes, the simulator collects event logs on each activity, like starting and finishing a product. With a process
analysis tool like ProM2 [20], researchers and practitioners can analyze the process
event log to perform conformance checking between the designed process model and
actual running processes.
Major results of this work are the process analysis and organizational mining approaches show certain relationships between different parameters of the SAW simulator, e.g., classes of failures and system outputs, and the relationships of the similar
machines and the machines which are working together during run time. These approaches can be applied and generalized to other engineering systems to discover
hidden information from the engineering process in the run time. By using information from run time, we can analyze model process and structure of the systems from
different views, rather than just using designed static models.
The remainder of this paper is structured as follows: Section 2 summarizes related
work on production automation system, semantic integration technologies, and process analysis. Section 3 identifies the research issues and the research method. Section
4 develops the solution approach to enable the event-based analysis of production
automation system processes. Section 5 describes the empirical study results. Section
6 discusses lessons learned and concludes the paper.

2 Related Work
This section summarizes related work on engineering of production automation systems, semantic integration technologies, and on process analysis and organizational
mining in collaborative systems.
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2.1 Production Automation Engineering
Industrial production automation systems include manufacturing systems, such as
assembly workshops that combine smaller parts into more complex products, e.g. cars
or furniture. Several domains have to cooperate for manufacturing: (a) business order
processing and work order scheduling, (b) technical processes for workshop and systems coordination, and (c) technical designs of a set of machines in a defined workshop layout [9, 24].
In engineering disciplines models (e.g., model-based design and testing [1]) help to
construct new systems products and to verify and validate the solutions regarding the
requirements, specification, and design models. Traditional systems engineering processes follow a water-fall like engineering process with late testing approaches [4].
Unfortunately, insufficient attention is paid in the field of automated systems engineering to capabilities for Quality Assurance (QA) of software-relevant artifacts and
change management across engineering domains [17], possibly due to technical and
semantic gaps in the engineering team. Thus, there is considerably higher effort for
testing and repair, if defects get identified late in the engineering process.
As production automation system for research the Manufacturing Agent Simulation Tool (MAST) [22] provides a unique combination of multi-agent-based manufacturing control features and a simulator of the manufacturing environment. The system
can represent the full range of roles involved in such a complex system: business
orders, workshop scheduling strategies, robust workshop control, and control of individual machines in the workshop. The Simulator of Assembly Workshops (SAW)
[10] is an extension of the original MAST simulator providing means for automatic
execution and evaluation of a predefined set of simulation experiments that can be
used for comprehensive statistical data analysis.
A general challenge for process assessment is reliable and efficient data collection
on the actual practices in a software development project as data collection mostly
relies on human reporting and document analysis [23]. Despite positive findings in
validation studies, there is still a gap between the published research results and the
successful adoption of objective quality evaluation approaches in real-world projects
due to the poor quality of available project data, heterogeneous data sources, and the
effort required to extract and collect the necessary data [3, 8, 12]. Semantic integration approaches can help to improve data exchange and systematic tracing between
models across these disciplines.
2.2 Semantic Integration Technologies
Semantic integration is defined as the solving of problems originating from the intent
to share information across disparate and semantically heterogeneous data. These
problems include the matching of data schemas, the detection of duplicate entries, the
reconciliation of inconsistencies, and the modeling of complex relations in different
sources [14]. In an engineering context common engineering concepts can be used as
basis for mappings between proprietary tool-specific engineering knowledge and
more generic domain-specific engineering knowledge to support transformation between these engineering tools. Engineering knowledge descriptions in ontologies can

be the basis to provide mappings between these ontologies to enable semantic integration. Noy [13] identified three major dimensions of the application of ontologies for
supporting semantic integration: the task of finding mappings (i.e., semantic correspondences) semi-automatically, the declarative formal representation of these mappings, and reasoning using these mappings. Semantic mappings can either consist of
elements of the same granularity, such as 1:1 mappings of concepts or attributes, or in
addition may be expressed using different levels of granularity, such as mapping the
attribute of a concept to a target concept or mapping a concept to all inherited subconcepts of a target concept.
An ontology is a representation vocabulary for a specific domain or subject matter.
The ontology does not seek to describe all the knowledge contained in a domain, but
only the knowledge essential for conceptualizing the domain [6]. The use of ontologies for knowledge representation, sharing and high-level reasoning is a major topic
in the area of designing flexible and autonomous systems, such as agent-based control
systems [15]. Ontologies are necessary for enabling data-driven system configuration
and re-configuration in an extensible manner. The use of domain ontologies for representing knowledge in the factory automation domain has been proposed [7].
Moser et al. [2] introduced the Engineering Knowledge Base (EKB) framework as
a semantic web technology approach for addressing challenges coming from data
heterogeneity that can be applied for a range domains, e.g., in the production automation domain [2] and also SE. Further, Biffl et al. [2] used the approach for solving
similar problems in the context of Open Source Software projects, in particular, frequent-release software projects.
2.3 Process Analysis and Improvement
The use of process modeling approaches for measuring and analyzing the conformance between designed and actual process models has been applied for different
domains. Process analysis has been applied to complex systems, like workflow management systems, Enterprise Resource Planning or Customer Relationship Management systems. Van der Aalst et al. use workflow technology to structure the processes
running inside IT systems. This workflow technology supports events provision that
could be useful for process analysis in SE by enabling particular models that link
basic tool events to process/workflow events [20].
Gerke et al. [5] propose using a process modeling approach for solving problems of
reference models. A reference model provides a set of generally accepted best practices to create efficient processes to be deployed inside organizations. The challenge
in a reference model is to determine how these best practices are implemented in
practice. The authors propose a new approach and algorithm which allow measuring
the compliance of process models with reference models [5]. However this paper does
not discuss about the relationships between components of the model that can illustrate the interaction inside an organization better.
Another approach was proposed by van der Aalst et al. [20]. This approach uses
stored events, which refer to tasks and process cases coming from people/tools/systems, to monitor and analyze real workflows with respect to designed workflows.
This approach is called process mining, and can be used for process discovery, per-

formance analysis, and conformance checking. The approach has been implemented
in the open source tool ProM and can be used to discover the process model based on
the available event log, analyze the performance of the processes and suggest possible
process improvement candidates.
Rembert and Ellis [16] extended process mining techniques, which focused on
mining the control-flow of business processes, towards analyzing multiple perspectives of a business process. The extension of the process mining techniques includes
explaining formal and general definitions of a business process perspective and presenting the approach to mine other business process perspectives using these definitions, i.e., the behavioral perspective and the role assignment perspective, that can be
useful for analyzing processes in the SE context.
Song and van der Aalst improve their process analysis approach by adding organizational mining that enable people to discover organizational models and social networks in the information system [18]. These models can assist in improving the underlying processes. In this paper, the authors distinguish between three types of organizational mining: (1) organizational model mining, (2) social network analysis,
and (3) information flows between organizational entities. Organizational mining can
benefit from creatively using approaches developed for the process perspective. This
approach can be used to illustrate the interaction between components of the system
for other domains, including the production automation domain.

3 Research Issues
The scope of this research is the investigation of process analysis for cooperative
information systems, for example industrial assembly workshops, which supports the
cooperation of stakeholders from different layers, such as the business layer (what to
produce when) and the workshop layer (how to organize the production process).
Experts from different layers have different requirements and challenges to answer.
For example, business experts deal with managing business orders from customers
and then feed these customer orders into the simulation workshop. One exemplary
analysis they want to perform may be to check how many products are finished based
on the given business orders. To do this, they should communicate with other experts
from different layers, for example process experts.
Process experts manage the simulation components, set parameters for simulation
and capture data such as the number of finished products by analyzing the event logs.
They also need to react to machine failures and conveyor failures occurring in the
simulation workshop, since these failures could disturb the production process. The
goals of the evaluation are (a) to show the benefits of integrated event capturing
across layers, (b) to illustrate the capabilities of the proposed event analysis processes,
and (c) to analyze the process model and organization model of the process events.
In this paper, we use a process analysis approach based on heterogeneous event
logs from different layers to perform a useful analysis for decision making of the
SAW simulation system, namely descriptive statistics analyses, ProM [20] works with
Petri nets for process modeling, and organization mining to reveal the structure and

relationship between machines used in the simulator. Based on the use case from the
automated manufacturing domain, we derive the following research issues:
RI-1. How to check conformance between designed process model and actual
process model. Cooperative information systems typically consist of different layers
and involve heterogeneous components. The question usually asked by the system
stakeholders is how to check conformance between designed process model and actual process model. The SAW simulator, as a use case of cooperative information
systems, consists of different layers of stakeholders. The designed process model is
on the business layer, which consists of the parts, the machine functions, and the ways
to build a product. This designed process model is called a product tree. The actual
process model can be obtained by analyzing event log data collected during the simulation was ran. We perform a conformance checking between designed process model
and actual process model.
RI-2. How to find the structure of components of the system during the run
time. The heterogeneities of components and layers in the cooperative information
systems and different scopes used in the systems, e.g., design time and run time, make
the identification of structure and relationships of components difficult and timeconsuming. For instance, we want to discover the relationships between machines that
working together to finish a product and the relationships between machines that have
similar functions, from the run time information. In the design time, we just know the
information of each machine individually and are not connected by certain algorithms. By using analysis/organizational mining on event log collected during time,
we can discover the relationships between machines. This information is useful for
further decision, e.g., (1) counting how many times a machine is used so we can suggest maintenance intervals after the machine is running for a certain time; (2) identifying machines with similar functions so we can suggest the replacement of a broken
machine with other machines with similar functions.

4 Study
This section introduces the process analysis and organizational mining approaches for
the production automation engineering domain and describes its architecture. We
identify a set of use cases form assembly workshop engineering, describe the use
cases in the context of the SAW production automation research system [11] and
show how the approaches can be applied to the use cases.
Figure 1 illustrates the use case scenario showing the process analysis approach for
the SAW production automation system. In this figure, there are three layers of the
production automation system, namely business layer, process layer, and machine
layer. In the central of this figure, there is a schematic view on an assembly workshop, which consists of heterogeneous agent-controlled components, namely 40 conveyors, 17 junctions, more than 15 pallets, 3 product parts and storage areas, 6 machines and 4 robots.
In the business layer, the business manager dispatches and schedules business orders, which contain specification of products from product trees and other information
required, for example the number of products and due date of production process.

Figure 1. Architecture of process analysis in production automation domain.
This information is useful to build process simulation in process layer to simulate
the workshop by setting all relevant parameters, like failure classes, scheduling strategy and number of pallets. The SAW simulator runs different test cases and produces
process event log that contains starting events, finishing events, and other relevant
events. The information from process event log together with the information from
business order will be integrated and analyzed to get some analysis results about the
correlation of information between different layers that can be used to improve processes and products.
The result from simulator can be used for input for the real machines in the machine layer. The usage of a software simulator here is needed to accommodate the
reconfiguration of the production automation system in order to get a better performance. Validation on hardware test bed is expensive, hence we build software simulator
with agent-controlled components that imitate behaviors of real components in the
real system.
In this paper, we design experiments on the simulator by setting several parameters
on business orders fed into the simulator. Business orders consist of 1500 products,
with two types of products, namely Billy Medium and Billy Complex. The product
trees of Billy Medium and Billy Complex are illustrated in XML files in figure 5. Billy
Medium consists of one simple part and one intermediate part, while Billy Complex
consists of two intermediate parts. We evaluate 40 test cases to compare the results
from different failure specifications.

In this paper, we design experiments on the simulator by setting several parameters
on business orders fed into the simulator. Business orders consist of constant number
of products with two types of products, namely billy complex and billy medium. The
product trees of Billy Medium and Billy Complex are illustrated in XML files in
figure 4. We evaluate numbers of test cases to compare the results with different
failure specifications.
The failure specification consists of the identifier of the affected resource to fail,
the start and end points in time of the occurrence of the failure. We classified the risk
of a failing machine and a failing conveyor for all machines and conveyors in the
workshop in 4 failure classes, according to the position and the importance of the
machine and the conveyor for the overall system (see Table 1). For effective comparison of the robustness of workflow scheduling strategies regarding their exposure to
failures in the transportation system, we used First Come First Served (FCFS) strategy, which execute the first allocated task first.
C0 consists of test cases with no failure as comparative data. C1 consists of test
cases with 5 conveyor failures in each test case, which needs between 1,757 – 12,672
milliseconds to resolve failures. C2 consists of test cases with 2 machine failures in
each test case, which needs between 5,942 – 18,195 milliseconds to resolve failures.
C3 consists of test cases with combination of 5 conveyor failures and 2 machine failures in each test case, which needs between 1,341 – 17,744 milliseconds to resolve
failures. The machine failures and the conveyor failures occur randomly in the test
cases.
Table 1. Failure Classes and Risk Analysis
Failure Class
C0
C1
C2
C3

Failure Impact
No failure
Conveyor failure
Machine failure
Combined conveyor failure and machine failure

In our research, we perform two different kind of process analysis to find out the
relationships between information from two heterogeneous layers, namely business
layer and process layer. We apply a process model approach to show the actual model
of processes running in the system by analyzing the event log of the simulation. We
also apply an organizational mining approach to show the relationships between machines used in the simulator. This information is useful to discover the usage frequency of machines and how machines are related, so we can suggest maintenance
intervals for machines and also how machines can be replaced by other machines with
similar functions.

5 Results
In this section, we describe the design and results of the process analysis and
evaluation in the context of the production automation systems, with SAW simulator

as a use case. We selected the SAW simulator because of the involvement of a set of
different layers (business, process, and machine layers) as a representative of a real
production automation system. The evaluation follows typical process analysis and
mining guidelines [21] to organize, plan and execute the evaluation study. First, we
collect activities information in the events and transformations needed to change the
event into required format for process analysis tool, e.g., ProM. Second, we perform
statistical analysis on the collected events to count the products finished for each
failure class and frequency of machine used in the system. Third, we analyze the
process model of the events. Fourth, we perform an organizational analysis for discovering the structure and relationships of machines used in the SAW simulator.
5.1 Event Log Transformation for Process Analysis
The SAW event log is the foundation for performing process analyses. The event log
is generated by the SAW event engine in the process layer. The structure of event logs
produced by the SAW event engine is illustrated in Figure 2.

Figure 2. Structure of SAW event logs
Activities of each component of the SAW simulator are recorded as event logs in
the form of XML files. These files consist of attributes that explain the identifier for
test run, identifier of event, timestamp, type of event, identifier of order, identifier of
work piece, and component name.
Process mining is based on the minimal amount of information that needs to be
present in the general cooperative information systems. The event log should follow
these requirements i.e., each logged event should be a single event that occurred at a
defined point in time, each logged event should refer to one single activity only, each
logged event should contain a description of the event that happened with respect to
the activity, each logged event should refer to a specific process instance (case), and
each process instance should belong to a specific process. The originator of the event
is optional information for the event. This information is useful for advanced analysis,
i.e., organizational mining. ProM is an open-source tool for implementing process and
organizational mining techniques in a standard environment, which allows the extraction of information from event logs. An example of transformation result can be seen
in Figure 3.

Figure 3. Transformation of event logs for further process analyses
The MXML (Mining XML) format is the format used by ProM to mine and analyze the event data. The MXML format consists of two parts, the source and processes. Each process consists of process instances that contain detailed audit trail entries. Each audit trail entry consists of a workflow model element, an event type, a
timestamp and an originator.
The transformation processes from the SAW simulator event file to the process
analysis tool format (MXML) are done by using XSLT (Extensible Stylesheet Language Transformations) file. The transformation processes are as follows. (1)Adapt
the time by adding the timestamp in millisecond to the base time (the real time at that
moment) and change the format to time format (YYYY-MM-DDTHH:MM:SS). (2)
For each work order, we use it as a process instance and we aggregate all events belonging to a single order. (3) Sorting event log with the same order id from test run
data into a single process instance. (4) SAW simulator event types are adapted into
event type format. (5)The component names of the simulator event are transformed
into the originator of the event. (6) The work piece identifier of the simulator event is
transformed into the workflow model element.
5.2 Statistical Analysis
To show the use case data, we perform statistical analysis on collected events as follows. Figure 4 illustrate the relationships between failure classes and system outputs
for different product types, i.e., Billy Medium and Billy Complex. A system output is
defined as a number of finished products, and is correlated positively with the class of
failures and the product types. The more severe the failure is, the fewer products are
finished, i.e., the combination of machine and conveyor failures produces the fewest
number of products. The production of Billy Complex is more difficult than the production of Billy Medium, because it has more input raw materials and has more processing steps and machine functions used than the Billy Medium. Hence the number of
Billy Complex products finished is lower than the number of Billy Medium products
finished.
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Figure 4. Relationships between failure classes and system output.
5.3 Process Model
Figure 5 shows the relationship between the process models which are formed based
on the application of the process analysis tool to the event logs and the pre-defined
product trees of certain products. A product tree consists of description of products,
the parts to build the product and machine function that build the product from its
parts. Here we use two product trees for two different product types, namely Billy
Medium and Billy Complex. The product tree is written in XML notation and can be
illustrated as a tree with the product as a root and its parts as nodes and a machine
connects between the product and its parts.
The process model is produced by analyzing event logs using process analysis tool
called ProM. The model can show the structure of products building from its part.
Billy Medium product (5) is built from medium_part1 (3) and medium_int1 (4). The
medium_int1 (4) is built from two raw materials, namely medium_int_part1 (1) and
medium_int_part2 (2). Billy Complex product (12) is built from two intermediate
materials, namely K003 (10) and P003 (11). P003 (11) is built from F002 (8) and
F003 (9), while K003 (10) is built from SW003 (6) and DP003 (7). The way how to
arrange this product in the run time can be shown by using the process model illustrating that the materials in the process model are matching with the materials from the
product trees with the same numbers. In this case, we check conformance of the process model to the product trees.

Figure 5. Relationship between process model and product trees
5.4 Organizational Mining
Organizational model mining aims at deriving organizational models from process
logs. There are two kinds of models, namely (1) the organizational model that represents the current organizational structure and (2) the social network that shows the
communication structure in an organization. An organizational model usually consists
of organizational units (e.g., functional units), roles (e.g., duty), originators, and their
relationships (e.g., who plays what roles, who belongs to which functional unit, what
is the hierarchy among organizational units). A social network is a network in which
nodes represent individuals or organizational units, and arcs between the nodes represent the relationships between them. The generated social networks allow organiza-

tions to monitor how people and groups work together. In the SAW simulator context,
the organizational model is needed to show the actual organizational structure from
the run time information, while the social network can be used to show how machines
in the simulator are connected and work together.
In this paper, we make organizational models that show the relationships between
machines that do similar tasks and the relationships between machines that work
together to produce some products. Methods to show these relationships are inspired
by the metrics that based on joint activities/doing similar tasks and the metrics that
based on joint cases/working together as proposed in [19].
Metrics on doing similar tasks focus on the activities that individuals perform. We
assume that originators doing similar things are more closely linked than originators
doing completely different tasks. Each originator has a profile (i.e., originator by
activity matrix) based on how frequently they conduct specific activities. From the
profile, we can measure the distance between the profiles of different originators by
comparing the corresponding row vectors. In this paper, we calculate Pearson’s correlation coefficient to quantify this distance. The Pearson’s correlation coefficient uses
values ranging from -1 to +1. Since the positive values imply positive linear relationships between variables, we applied the threshold value of 0.0 and removed negative
arcs from the network.
Figure 6 shows the graph of the “doing similar tasks” metric based on the SAW
event logs. The graph illustrates the relationships between originators of events, i.e.
the machines. The numbers on arcs specify the correlation coefficient between two
machines as nodes. The higher this correlation coefficient is, the more similar two
machines are. Based on this graph, we find that DS3 and DS4 are machines with
similar functions. So are DS5 and DS6. They have the highest correlation coefficient
(nearly 1) and in fact they are similar machines.

Figure 6. Organizational model of relationships between machines that do
similar tasks.

The “working together” metric counts how frequent two originators are performing
activities on the same product. If originators work together on product, they will have
a stronger bond than originators who rarely work together.
Figure 7 shows the graph of the “working together” metric based on the SAW
event logs. The graph illustrates the relationships between the machines. The numbers
on the arcs specify the ratio of machines participation on producing a product. For
example, suppose that machine DS6 participates in four products, machine DS1 participates in eight products, and they work together four times. In this situation, DS6
always work together with DS1, but DS1 does not. Thus, the value for DS6 to DS1
(which is 1.000) has to be larger than the value for DS1 to DS6 (which is 0.500).
From figure 7, we find that the machine DS1 has relationships with all other machines. DS5 and DS6 are similar machines that don’t work together, while even DS3
and DS4 are similar machines, they work together for some tasks.

Figure 7. Organizational model of relationships between machines that work
together on the same product.

6 Discussion and Conclusion
In this paper, we have addressed the using of run time information, i.e. process events,
in production automation systems for improving systems productivity and effective-

ness. We used the SAW simulator as a use case for the production automation system
such that the analysis approach applied in this use case is possible to be generalized in
other systems.
A previous research on improving production automation systems has been done
by doing performance evaluation on workflow scheduling strategies using different
kinds of parameters, e.g., transportation times and conveyor failures. However, the
approach was not considering the structure and relationships changes between machines and components during run time.
Other research proposed on using of ontology areas to bridge semantic gaps between stakeholders in the production automation domain. However, this approach was
not considering the maintenance efforts of the system components.
In this paper, we used process analysis and organizational mining to explore the information from event log collected during the simulator run time. By using process
analysis we can derive process models that illustrate the flow of process during run
time. The deviations between the designed process model or product trees and the
actual process model can be seen and detected by using such process analysis approaches.
By using an organizational mining approach, we can discover the organizational
structure of the machines using the information from the collected event logs. We
found that the organizational mining can help us to know the structure of machines in
the layout and their relationships during run time.
The results show that there is a positive correlation between the system outputs and
the classes of failures. The more severe the failure, the lesser numbers of products
finished. By using process analysis, we can also correlate the product trees and the
actual process models and inspect whether any deviation happens between two models.
The organizational mining can show the relationships of machines with similar
function and the relationships of machines that work together. By using organizational mining on process event logs, we can discover a new relationship of originator
at run time that is not easily found in normal way, e.g., whether a machine is working
together with other machine or not, even though both machines are similar.
However, the current evaluation is more focused on machines structures and relationships, while interactions with other components of the systems, e.g., conveyors
and junctions are not discussed. We can extend the organizational mining approach
for other components in other engineering domains as well.
Future work will be to analyze challenging engineering processes and environments by using a Bayesian Network approach or other advanced approaches. Furthermore, we plan to use more complex simulation environments with more machines
and more complex routes, investigate them and then compare with results of the presented research.
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