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General Co-chairs’ Message for
OnTheMove 2010

The OnTheMove 2010 event in Hersonissos, Crete, during October 24–29, fur-
ther consolidated the growth of the conference series that was started in Irvine,
California, in 2002, and held in Catania, Sicily, in 2003, in Cyprus in 2004 and
2005, in Montpellier in 2006, in Vilamoura in 2007 and 2009, and in Monterrey,
Mexico, in 2008. The event continues to attract a diversified and representative
selection of today’s worldwide research on the scientific concepts underlying new
computing paradigms, which, of necessity, must be distributed, heterogeneous
and autonomous yet meaningfully collaborative. Indeed, as such large, complex
and networked intelligent information systems become the focus and norm for
computing, there continues to be an acute and ever increasing need to address
and discuss face to face in an integrated forum the implied software, system and
enterprise issues as well as methodological, semantic, theoretical and application
issues. As we all realize, e-mail, the Internet and even video conferences are not
by themselves sufficient for effective and efficient scientific exchange.

The OnTheMove (OTM) Federated Conferences series has been created to
cover the scientific exchange needs of the community/ies that work in the broad
yet closely connected fundamental technological spectrum of Web-based dis-
tributed computing. The OTM program every year covers data and Web se-
mantics, distributed objects, Web services, databases, information systems, en-
terprise workflow and collaboration, ubiquity, interoperability, mobility, grid and
high-performance computing.

OTM does not consider itself a so-called multi-conference but instead is proud
to give meaning to the“federated”aspect in its full title: it aspires to be a primary
scientific meeting place where all aspects of research and development of Internet-
and intranet-based systems in organizations and for e-business are discussed in
a scientifically motivated way, in a forum of (loosely) interconnected workshops
and conferences. This ninth edition of the OTM Federated Conferences event
therefore once more provided an opportunity for researchers and practitioners
to understand and publish these developments within their individual as well as
within their broader contexts. To further promote synergy and coherence, the
main conferences of OTM 2010 were conceived against a background of three
interlocking global themes, namely, “Cloud Computing Infrastructures,” “The
Internet of Things, or Cyberphysical Systems,”“(Semantic) Web 2.0 and Social
Computing for the Enterprise.”

Originally the federative structure of OTM was formed by the co-location
of three related, complementary and successful main conference series: DOA
(Distributed Objects and Applications, since 1999), covering the relevant
infrastructure-enabling technologies, ODBASE (Ontologies, DataBases and Ap-
plications of SEmantics, since 2002), covering Web semantics, XML databases
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and ontologies, and CoopIS (Cooperative Information Systems, since 1993), cov-
ering the application of these technologies in an enterprise context through, for
example, workflow systems and knowledge management. In 2007 the IS workshop
(Information Security) was added to try cover also the specific issues of security
in complex Internet-based information systems. Each of the main conferences
specifically seeks high-quality contributions and encourages researchers to treat
their respective topics within a framework that incorporates jointly (a) theory,
(b) conceptual design and development, and (c) applications, in particular case
studies and industrial solutions.

Following and expanding the model created in 2003, we again solicited and
selected quality workshop proposals to complement the more “archival” nature
of the main conferences with research results in a number of selected and more
“avant-garde” areas related to the general topic of Web-based distributed com-
puting. For instance, the so-called Semantic Web has given rise to several novel
research areas combining linguistics, information systems technology and arti-
ficial intelligence, such as the modeling of (legal) regulatory systems and the
ubiquitous nature of their usage. We were glad to see that seven of our suc-
cessful earlier workshops (ADI, EI2N, SWWS, ORM, OnToContent, MONET,
ISDE) re-appeared in 2010 with, in some cases, a fourth or even fifth edition, of-
ten in alliance with other older or newly emerging workshops, and that no fewer
than four brand-new independent workshops could be selected from proposals
and hosted: AVYTAT, DATAVIEW, P2PCDVE, SeDeS. Our OTM registration
format (“one workshop buys all”) actively intends to stimulate workshop audi-
ences to productively mingle with each other and, optionally, with those of the
main conferences.

We were also most happy to see that once more in 2010 the number of qual-
ity submissions for the OnTheMove Academy (OTMA, formerly called Doctoral
Consortium Workshop), our “vision for the future” in research in the areas cov-
ered by OTM, took off again and with increasing success. We must thank the
team of collaborators led by Peter Spyns and Anja Schanzenberger, and of course
the OTMA Dean, Erich Neuhold, for their continued commitment and efforts
in implementing our unique interactive formula to bring PhD students together.
In OTMA, research proposals are submitted for evaluation; selected submissions
and their approaches are (eventually) presented by the students in front of a
wider audience at the conference, and are intended to be independently and are
extensively analyzed and discussed in public by a panel of senior professors.

As said, all four main conferences and the associated workshops shared the
distributed aspects of modern computing systems, and the resulting application
pull created by the Internet and the so-called Semantic Web. For DOA 2010, the
primary emphasis stayed on the distributed object infrastructure; for ODBASE
2010, it became the knowledge bases and methods required for enabling the use
of formal semantics; for CoopIS 2010, the focus as usual was on the interac-
tion of such technologies and methods with management issues, such as occur
in networked organizations, and for IS 2010 the emphasis was on information
security in the networked society. These subject areas overlap in a scientifically
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natural fashion and many submissions in fact also treated an envisaged mutual
impact among them. As for the earlier editions, the organizers wanted to stim-
ulate this cross-pollination by a “shared” program of famous keynote speakers
around the chosen themes: we were quite proud to announce Wil van der Aalst,
T.U. Eindhoven, The Netherlands, Beng Chin Ooi, National University of Sin-
gapore, Michael Brodie, Chief Scientist, Verizon, USA, and Michael Sobolewski,
Polish-Japanese Institute of IT, Poland.

We received a total of 223 submissions for the four main conferences and
127 submissions in total for the workshops. The numbers are about 5% lower
than for 2009. Not only may we indeed again claim success in attracting an in-
creasingly representative volume of scientific papers, many from the USA and
Asia, but these numbers of course allow the Program Committees to compose
a high-quality cross-section of current research in the areas covered by OTM.
In fact, the Program Chairs of the CoopIS 2010 conferences decided to accept
only approximately one paper from every five submissions, while ODBASE 2010
and DOA 2010 accepted about the same number of papers for presentation and
publication as in 2008 and 2009 (i.e., average one paper out of three to four
submitted, not counting posters). For the workshops and IS 2010 the acceptance
rate varied but the aim was to stay consistently at about one accepted paper for
two to three submitted, and subordinated of course to scientific quality assess-
ment. As usual we have separated the proceedings into three volumes with their
own titles, two for the main conferences and one for the workshops, and we are
most grateful to the Springer LNCS team in Heidelberg for their professional
suggestions and meticulous collaboration in producing the files for downloading
on the USB sticks.

The reviewing process by the respective Program Committees was again per-
formed very professionally, and each paper in the main conferences was reviewed
by at least three referees, with arbitrated e-mail discussions in the case of strongly
diverging evaluations. It may be worthwhile to emphasize that it is an explicit
OTM policy that all conference Program Committees and Chairs make their
selections completely autonomously from the OTM organization itself. Like last
year, paper proceedings were on separate request and order this year, and in-
curred an extra charge.

The General Chairs are once more especially grateful to the many people
directly or indirectly involved in the set-up of these federated conferences. Few
people realize what a large number of individuals have to be involved, and what
a huge amount of work, and in 2010 certainly also financial risk, the organiza-
tion of an event like OTM entails. Apart from the persons in their roles men-
tioned above, we therefore wish to thank in particular our eight main conference
PC Co-chairs: CoopIS 2010: Herve Panetto, Jorge Cardoso, M. Brian Blake;
ODBASE 2010: Alejandro Buchmann, Panos Chrysanthis, York Sure; DOA 2010:
Ernesto Damiani, Kai Hwang. And similarly the 2010 IS, OTMA and Workshops
PC (Co-)chairs: Javier Cámara, Carlos E. Cuesta, Howard Foster, Miguel An-
gel Pérez-Toledano, Stefan Jablonski, Olivier Curé, David Thau, Sara Comai,
Moira Norrie, Alessandro Bozzon, Giuseppe Berio, Qing Li, Kemafor Anyanwu,
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Hervé Panetto (again), Alok Mishra, Jürgen Münch, Deepti Mishra, Patrizia Gri-
foni, Fernando Ferri, Irina Kondratova, Arianna D’Ulizia, Paolo Ceravolo, Majed
Ayyad, Terry Halpin, Herman Balsters, Laura Ricci, Yan Tang, Jan Vanthienen,
Yannis Charalabidis, Ernesto Damiani (again), Elizabeth Chang, Gritzalis Ste-
fanos, Giles Hogben, Peter Spyns, Erich J. Neuhold and Anja Schanzenberger.
Most of them, together with their many PC members, performed a superb and
professional job in selecting the best papers from the harvest of submissions. We
are all grateful to our supremely competent and experienced Conference Secre-
tariat and technical support staff in Antwerp, Daniel Meersman, Ana-Cecilia,
and Jan Demey, and last but certainly not least to our editorial team in Perth
(DEBII-Curtin University) chaired by Houwayda El Fawal Mansour. The Gen-
eral Co-chairs acknowledge with gratitude the academic freedom, logistic sup-
port and facilities they enjoy from their respective institutions, Vrije Universiteit
Brussel (VUB), Curtin University, Perth, Australia, and Universitad Politécnica
de Madrid (UPM), without which such an enterprise would not be feasible. We
do hope that the results of this federated scientific enterprise contribute to your
research and your place in the scientific network... We look forward to seeing
you again at next year’s event!

August 2010 Robert Meersman
Tharam Dillon

Pilar Herrero
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Abstract. Process improvement is recognized as the main benefit of process 
modelling initiatives. Quality considerations are important when conducting a 
process modelling project. While the early stage of business process design 
might not be the most expensive ones, they tend to have the highest impact on 
the benefits and costs of the implemented business processes. In this context, 
quality assurance of the models has become a significant objective. In particu-
lar, understandability and modifiability are quality attributes of special interest 
in order to facilitate the evolution of business models in a highly dynamic envi-
ronment. These attributes can only be assessed a posteriori, so it is of central 
importance for quality management to identify significant predictors for them. 
A variety of structural metrics have recently been proposed, which are tailored 
to approximate these usage characteristics. The aim of this paper is to verify 
how understandable and modifiable BPMN models relate to these metrics by 
means of correlation and regression analyses. Based on the results we determine 
threshold values to distinguish different levels of process model quality. As 
such threshold values are missing in prior research, we expect to see strong im-
plications of our approach on the design of modelling guidelines. 

Keywords: Business process, measurement, correlation analysis, regression 
analysis, BPMN. 

1   Introduction 

Organizations are increasingly concerned about business process improvement, since 
organizational excellence is recognized as a determination of business efficiency [1]. 
A business process is a complex entity, therefore improvement initiatives require a 
prior study of them at each of its lifecycle stages. The early phases of business proc-
ess design might not be the most expensive ones, but they tend to have the highest 
impact on the benefits and costs of the implemented business processes [2]. However, 
process modeling on a large, company-wide scale require substantial efforts in terms 
of investments in tools, methodologies, training and the actual conduct of process 
modeling [3], resulting in several thousand models and involving a significant number 
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of non-expert modellers. It is well known that poor quality of conceptual models can 
increase development efforts or results in a software system that does not satisfy user 
needs [4]. It is therefore vitally important to understand the factors of process model 
quality and to identify guidelines and mechanisms to guarantee a high level of quality 
from the outset. As Mylopoulos [5] suggests,‘‘Conceptual modeling is the activity of 
formally describing some aspects of the physical and social world around us for the 
purposes of understanding and communication’’. Therefore, understanding the proc-
ess is a crucial task in any process analysis technique, and the process model itself 
should be intuitive and easy to comprehend [6].  

An important step towards improved quality assurance is a precise assessment of 
quality. In this context, quality can be understood as “the totally of features and cha-
racteristics of a conceptual model that bear on its ability to satisfy stated or implied 
needs” [7]. We analyze quality from the perspective of understandability and mod-
ifiability, which are both sub-characteristics of usability and maintainability, respec-
tively [8]. Several initiatives about business process metrics were published [9]. Most 
of these metrics focus on structural aspects including size, complexity, coupling and 
cohesion. The significance of these metrics relies on a thorough empirical validation 
of their connection with quality attributes [10]. There are, to date, still rather few 
initiatives to investigate the connection between structural process model metrics and 
quality characteristics, so we detect a gap in this area which needs more empirical 
research. 

In accordance with the previously identified issues, the purpose of this paper is to 
contribute to the maturity of measuring business process models. The aim of our em-
pirical research approach is to validate the connections between an extensive set of 
metrics and the ease with which business process models can be understood (under-
standability) and modified (modifiability). This was achieved by adapting the meas-
ures defined in [11] to BPMN business process models [12]. The empirical data of six 
experiments that had been defined for previous works were used. A correlation analy-
sis and a regression estimation were applied in order to test the connection between 
the metrics and both the understandability and modifiability of the models. After the 
selection of the most suitable metrics for understandability and modifiability, we 
extracted threshold values in order to evaluate the measurement results. Such thresh-
olds are an important aid to support the modeller of a business process. 

The remainder of the paper is as follows. In Section 2 we describe the theoretical 
background of our research and the set of metrics considered. Section 3 describes the 
series of experiments that were used, and presents the results (correlation and regres-
sion analysis). This Section also discusses the findings in the light of related work. 
Section 4 described threshold values of measures and different levels of understand-
ability and modifiability, and, finally, Section 5 draws conclusions and presents topics 
for future research. 

2   Theoretical Background 

This section presents the background of our research. Section 2.1 discusses theories 
that are relevant when considering structural metrics for process models. Section 2.2 
describes the set of process model metrics that we consider for this research. 
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2.1   Theoretical Considerations on Process Model Usability 

The usability of process models can be approached from the perspective of the ISO 
9126 standard on software engineering product quality [8]. This specification identi-
fies several dimensions of usability and maintainability, of which understandability 
and modifiability are among the most important. The significance of these two dimen-
sions relates to several observations.  

The subject of understanding is well-suited to the role of a pillar in the quest for 
theories of process modelling quality. Insights from cognitive research on program-
ming languages point to the fact that `design is redesign' [13]: a computer program is 
not written sequentially; a programmer typically works on different chunks of the 
problem in an opportunistic order. Therefore, the designer has to constantly reinter-
pret the current work context. There are some indications that process modelling in-
volves this kind of re-inspection activities [14]. This fact points to understanding as 
an important quality factor. There are also indications that process models have to be 
constantly reworked and modified, and that a lack of maintenance procedures can 
have a detrimental effect on process modelling initiatives [15]. In other words, the 
process model should be constructed in such a way that it reveals its content in the 
best possible manner. Both understandability and modifiability can, therefore, be 
leveraged. 

A set of different factors for process model understanding has been discussed in 
literature, including personal factors, modelling purpose, domain knowledge, and 
modelling notation [16]. Several works have identified structural parameters as sig-
nificant factors in understanding [12-15]. The importance of structural aspects stems 
from cognitive considerations. Research into the cognitive dimensions framework 
defines flow charting languages as being abstraction hating [17]. This signifies that 
languages for process modelling do not provide a direct mechanism for grouping 
activities. Another characteristic is that there are so-called hidden dependencies in 
process models. This entails that attainable states and potential transitions have to be 
inferred by the reader of a process model. These points imply that even small changes 
to the structural level can make a process model much more difficult to understand. 
This raises the question of how structure can be effectively measured. 

2.2   Structural Metrics for Process Models 

There is a wide range of structural metrics for process models. Their advantage is that 
they can be objectively measured by considering the formal graph structure of a proc-
ess model. These metrics are, therefore, also called internal attributes of a process 
model. In our discussion on usability and maintainability we are interested in how far 
these internal attributes can approximate understandability and modifiability. As these 
aspects cannot be directly measured for the process model at hand, they are referred to 
as external attributes. They need to be determined by empirical evaluation through, 
for example, the help of experiments. Figure 1 shows how this experimental data can 
then be used to correlate internal and external attributes. Once clear correlations have 
been identified, the data can be used to statistically estimate prediction models. Such a 
prediction model is typically derived through the use of regression analysis. 
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Fig. 1. Internal and external attributes of BPMN models 

In this paper we consider a set of metrics defined in [9] for a series of experiments 
on process model understanding and modifiability. The hypothetical correlation with 
understandability and modifiability is annotated in brackets as (+) for positive correla-
tion or (-) for negative correlation. The metrics include: 

• Number of nodes (-): This variable is related to the number of activities and 
routing elements in a process model; 

• Diameter (-): The length of the longest path from a start node to an end node in 
the process model; 

• Density (-) relates to the ratio of the total number of arcs in a process model to 
the theoretically maximum number of arcs; 

• The Coefficient of Connectivity (-) relates to the ratio of the total number of arcs 
in a process model to its total number of nodes; 

• The Average Gateway Degree (-) expresses the average of the number of both 
incoming and outgoing arcs of the gateway nodes in the process model; 

• The Maximum Gateway Degree (-) captures the maximum sum of incoming and 
outgoing arcs of these gateway nodes; 

• Separability (+) is the ratio of the number of cut-vertices on the one hand, i.e. 
nodes that serve as bridges between otherwise disconnected components, to the 
total number of nodes in the process model on the other; 

• Sequentiality (+) is the degree to which the model is constructed out of pure se-
quences of tasks. 

• Depth (-) defines maximum nesting of structured blocks in a process model; 
• Gateway Mismatch (-) is the sum of gateway pairs that do not match with each 

other, e.g. when an AND-split is followed by an OR-join; 
• Gateway Heterogeneity (-) is the extent to which different types of gateways are 

used in a process model; 
• Cyclicity (-) relates the number of nodes in a cycle to the sum of all nodes;  
• Concurrency(-) captures the maximum number of paths in a process model that 

may be concurrently activate due to AND-splits and OR-splits. 

The series of experiments and their results are described in the following section. 



82 L. Sánchez-González et al. 

3   Correlational Analysis on Metrics and Performance 

In this section we describe the series of experiments used in this research, which were 
defined for previous works. Section 3.1 defines the research design. Among other 
aspects, we describe the subjects involved, the treatments and questions used, the 
variation of factors, and the response variables considered. Section 3.2 presents the 
results of the correlation analysis and Section 3.3 presents the results of the regression 
analysis. Section 3.4 discusses these results and their corresponding implications, 
while Section 3.5 compares the findings to related work. 

3.1   Research Design 

This section describes the empirical analysis performed to test which structural met-
rics can be used as predictors of understandability and modifiability for BPMN mod-
els. Figure 2 shows the chronology of the experiments whose empirical data were 
used for the analysis. A total of six experiments were conducted: three (one experi-
ment and two replicas) to evaluate understandability and three (one experiment and 
two replicas) to evaluate modifiability. Altogether, 127 students from four different 
universities took part in the experiments. 

 

Fig. 2. Chronology of the family of experiments 

The experimental material for the first three experiments consisted of 15 BPMN 
models with different structural complexity. Each model included a questionnaire 
related to its understandability. The experiments on modifiability included 12 BPMN 
models (selected from the 15 models concerning understandability) and each model 
was related to a particular modification task. A more detailed description of the mate-
rial used in the family of experiments can be found in [18]. 

It was possible to collect the following objective data for each model and each 
task: time of understandability or modifiability for each subject, number of correct 
answers in understandability or modifiability, and efficiency defined as the number of 
correct answers divided by time. 
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The first step in validating the error probability measures was to calculate their 
values in each of the 15 BPMN models designed for the family of experiments. The 
results are shown in Table 1: 

Table 1. Mean and Standard Deviation of the sample models 

Measures Average Standard deviation 
Nº nodes 43.60 24.28 
Diameter 12.20 5.185 
Density .038 .041 
Coefficient of Connectivity .944 .243 
Average gateway degree 2.789 1.263 
Maximum gateway degree 3.333 1.914 
Separability .384 .239 
Sequentiality .492 .271 
Depth 1.733 1.279 
Gateway mismatch 11.60 11.08 
Gateway heterogeneity   -.689   .481 
Cyclicity .053 .124 
Concurrency .200 .414 

 
Once the values had been obtained, the variability of the values was analyzed to 

ascertain whether the measures varied sufficiently to be considered in the study. Two 
measures were excluded as a result of this, namely Cyclicity and Concurrency, be-
cause the results they offered had little variability (80% of the models had the same 
value for both measures, the mean value was near to 0, as was their standard devia-
tion). The remaining measures were included in the correlation analysis. 

The experimental data was accordingly used to test the following null hypotheses 
for the current empirical analysis, which are:   

• For the experiments on understandability,  
    H0,1: There is no correlation between structural metrics and understandability 

• For the experiments on modifiability,  
       H0,2: there is no correlation between structural metrics and modifiability 

The following sub-sections show the results obtained for the correlation and  
regression analysis of the empirical data.  

3.2   Correlation Analysis  

We first discuss the results for understandability and then turn to modifiability.  

Understandability: Understanding time is strongly correlated with most of the prob-
ability error measures (number of nodes, diameter, density, average gateway degree, 
depth, gateway mismatch, and gateway heterogeneity in all three experiments). There 
is no significant correlation with the connectivity coefficient, and the separability 
ratio was only correlated in the first experiment.  
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With regards to correct answers, size measures, number of nodes (-.704 with p-
value of .003), diameter (-.699, .004), and gateway heterogeneity (.620, .014) have a 
significant and strong correlation. With regard to efficiency, we obtained evidence of 
the correlation of all the measures with the exception of separability. 

The correlation analysis results indicate that there is a significant relationship be-
tween structural metrics and the time and efficiency of understandability. The results 
for correct answers are not as conclusive, since there is only a correlation of 3 of the 
11 analyzed measures. In conclusion, measures with a significant correlation value (nº 
nodes, diameter, density, average gateway degree, maximum gateway degree, depth, 
gateway mismatch and gateway heterogeneity) can be traced back to particular 
BPMN elements, such as number of nodes (task, decision nodes, events, subproc-
esses, and data objects), decision nodes and sequence flow. We have therefore found 
evidence to reject the null hypothesis H0,1. The alternative hypothesis suggests that 
these BPMN elements affect the level of understandability of conceptual models in 
the following way: 

• If there are more nodes, it is more difficult to understand models. 
• If the path from a start node to the end is longer, it is more difficult to understand 

models. 
• If there are more nodes connected to decision nodes, it is more difficult to under-

stand models.  
• If there is higher gateway heterogeneity, it is more difficult to understand models. 

Modifiability: The correlation analysis results of the experiments concerning modifi-
ability are described as follows. We observed a strong correlation between structural 
metrics and time and efficiency. For correct answers there is no significant connection 
in general, while there are significant results for diameter, but these are not conclusive 
since there is a positive relation in one case and a negative correlation in another. For 
efficiency we find significant correlations with average (.745, .005) and maximum 
gateway degree (.763, .004), depth (-.751, .005), gateway mismatch (-.812, .001) and 
gateway heterogeneity (.853, .000). We have therefore found some evidence to reject 
the null hypothesis H0,2. The usage of decision nodes in conceptual models appar-
ently implies a significant reduction in efficiency in modifiability tasks. In short: 

• If more nodes are connected to decision nodes, it is more difficult to modify the 
model. 

• If there is higher gateway heterogeneity, it is more difficult to modify models. 

3.3   Regression Analysis  

The correlation analysis presented above suggests that it is necessary to investigate 
the quantitative impact of structural metrics on the respective time, accuracy and 
efficiency dependent variables of both understandability and modifiability. This goal 
was achieved through the statistical estimation of a linear regression. The regression 
equations were obtained by performing a regression analysis with 80% of the  
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experimental data (obtained from the family of experiments). The remaining 20% 
were used for the validation of the regression models. 

a) Selection of models 
Table 2 and Table 3 show the prediction models obtained for each experiment. All of 
the regression models obtained were significant with p-values below 0.05.  

b) Validation of regression models 
One of the threats to the validity of the findings of a study is that of not satisfying the 
statistical model assumptions. In the case of a linear regression model we must deter-
mine whether the observed data complies with the theoretical model. We verified the 
distribution of residuals, which is the difference between the predicted value with the 
regression equation and the actual value obtained in experiments. The residuals were 
analyzed for normality (Kolmogorov-Smirnov) and independence of the residuals 
(Durbin-Watson). The normality of the data is confirmed, since in all cases the p-
value of Kolmogorov-Smirnov test is below 0.05. If the value of the second test 
(which typically ranges between 0 and 4) is 2, the residue is completely independent. 
Values between 1.5 and 2.5 are considered to be satisfactory. Values of residues for 
understandability and modifiability followed a normal distribution, with the exception 
of efficiency in E1. In the other cases, we can affirm the normality of the residuals 
obtained after regression analysis. For the verification of the independence of the 
residues we can verify compliance with the exception of the efficiency of E2 in un-
derstandability. As is true in most cases, we can state that the regression analysis is 
applicable to the data of the experiments. 

c)   Precision of models 
The accuracy of the models was studied by using the Mean Magnitude Relative Error 
(MMRE) [19] and the prediction level Pred(25) and Pred(30) on the remaining 20% 
of the data, which were not used in the estimation of the regression equation. These 
levels indicate the percentage of model estimations that do not differ from the ob-
served data by more than 25% and 30%. A model can therefore be considered to be 
accurate when it satisfies any of the following cases: 

• MMRE ≤ 0,25 or 
• Pred (0,25) ≥ 0,75 or  
• Pred (0,30) ≥ 0,70 

Understandability: The corresponding results are shown in Table 2 and Table 3. The 
best model for predicting the understandability time is obtained with the second rep-
lica E3, which has the lowest MMRE value of all the models. The best models with 
which to predict correct understandability answers originate from the first replication 
E2, and this also satisfies all the assumptions. For efficiency, no model was found that 
satisfied all the assumptions. The model with the lowest value of MMRE is obtained 
in the second replica E3. In general, the results further support the rejection of the null 
hypothesis H0,1. 
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Table 2. Prediction models of understandability 
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E1 T1 = 19.11 + 2 nºnodes + 3.2 gateway mis-
match - 25.64 depth + 64.63 coeff. of connec-
tivity -3.2 diameter 

.000 .36 .12 .51 

E2 T2 = 95.91 + 1.51 nºnodes + 3.04 gateway 
mismatch- 17.35 depth - 55.98 sequentiality + 
34.45 gateway heterogeneity 

.000 .33 .47 .54 

E3 T3 = 47.04 + 2.46 nºnodes .000 .32 .51 .58 
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E1 CA1 = 3.125 - 0.004 nºnodes  
- 0.251 separability  

.000 .21 .71 .71 

E2 CA2 = 3.17 - 0.005 nºnodes  
- 0.38 coeff. of connectivity + 0.17 depth  
- 0.015 gateway mismatch 

.000 .18 .79 .79 

E3 No variable has been selected  --- --- --- 
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E1 EF1 = 0.040 - 0.0004 nºnodes  
+ 0.019 sequentiality + 0.014 density 

.000 1.58 .17 .23 

E2 EF2 = -0.065 + 0.005 gateway mismatch  
+ 0.114 sequentiality - 0.001 nºnodes 

.000 4.14 .03 .03 

E3 EF3 = 0.042 - 0.0005 nºnodes  
+ 0.026 sequentiality 

.000 0.84 .22 .25 

Table 3.  Prediction models of modifiability 
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E4 E4 = 50.08 + 3.77 gateway mismatch + 
422.95 density 

.000 .37 .31 .38 

E5 E5 = 143.53 + 16.44 MaxGatewaysDegree .010 .65 .45 .54 
E6 E6 = 175.97 + 3.88 gateway mismatch .000 .54 .41 .50 

C
or

re
ct

 
A

ns
w

er
s E4 CA4 = 1.85 - 3.569 density .000 .23 .82 .83 

E5 CA5 = 0.62 + 0.684 sequentiality  
+ 0.471 connectivity 

.005 .28 .33 .51 

E6 No variable has been selected  --- --- --- 
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 E4 EF4 = 0.006 + 0.008 sequentiality .000 .62 .32 .42 
E5 EF5 = 0.009 + 0.008 separability  

- 0.029 density 
.030 .98 .45 .51 

E6 EF6 = 0.013 - 0.0002 gateway mismatch .001 .72 .29 .37 

 
Modifiability: We did not obtain any models which satisfy all of the assumptions for 
the prediction of modifiability time, but we have highlighted the prediction model 
obtained in E4 since it has the best values. However, the model to predict the number 
of correct answers may be considered to be a precise model as it satisfies all the as-
sumptions. The best results for predicting efficiency of modifiability are also provided 
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by E4, with the lowest value of MMRE. In general, we find some further support for 
rejecting the null hypothesis H0,2. The best indicators for modifiability are gateway 
mismatch, density and sequentiality ratio. Two of these metrics are related to decision 
nodes. Decision nodes apparently have a negative effect on time and the number of 
correct answers in modifiability tasks. 

3.4   Discussion of Regression Results 

The statistical analyses suggest rejecting the null hypotheses, since the structural 
metrics apparently seem to be closely connected with understandability and modifi-
ability. There are certain metrics that may be considered to be the best owing to their 
significance in different experiments. For understandability these include Number of 
Nodes, Gateway Mismatch, Depth, Coefficient of Connectivity and Sequentiality. For 
modifiability Gateway Mismatch, Density and Sequentiality showed the best results. 
The regression analysis also provides us with some hints with regard to the interplay 
of different metrics. Some metrics are not therefore investigated in greater depth ow-
ing to their correlations with other metrics. For example, average gateways degree 
was found to correlate with depth (.810, p-value=.000) and gateway mismatch (.863, 
p-value=.000), signifying that information provided by these measures may be redun-
dant. The contribution of this work is the evaluation of structural metrics by consider-
ing their relative importance in the regression analysis. We conclude that the  
understandability and modifiability of models is related to decision nodes and connec-
tions with others elements, which are represented in the selected measures. In the 
Section 5, we turn to threshold values. Thresholds are an important communication 
tool in order to state towards modellers when a process model might be considered to 
be of bad quality. We will focus on those metrics that are significant in the correlation 
and regression analysis. 

3.5   Related Metrics for Business Process Models  

The interest in the measurement of business processes has grown in recent years. It is 
consequently possible to find a considerable amount of measurement proposals in 
literature. In previous works [9] we conducted a systematic review by following the 
Kitchenham and Charters protocol [20], as a result of which various relevant meas-
urement proposals were selected, which could be grouped according to the lifecycle 
stage they have to be applied to. The most important stages are those of design and 
execution, and we therefore grouped the measures into “design measures” and “exe-
cution measures”. Design measures are more numerous, specifically 80% of the pro-
posals found. A summary of the proposed measures in selected publications (updated 
version of the systematic review until 2010) is shown in Table 4. 

Some validated measures more directly related to this work are those of Cardoso 
[21] and Rolón [22]. Cardoso proposes a Control Flow Complexity metric (CFC). 
This measure takes into account the quantity and characteristics of the gateways that 
the business process presents, in order to provide a numerical indication of the com-
plexity of the business process flow. This measure has been empirically validated 
through experiments, and a correlation analysis was carried out in [23], in which  
the specific measure was applied to BPMN models. On the other hand, Rolón [24] 
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defined other measures that can be applied to BPMN models in order to quantify the 
understandability and modifiability of conceptual models. These measures have been 
validated through a correlation and regression analysis, which was published in [25]. 
We therefore extracted measures from this analysis, which are the most useful to 
measure understandability and modifiability (Table 5). 

Table 4. Measures for Business Process Models 

Source Measurable Concept Notation 
Vanderfeesten et al [26], [27] Coupling, cohesion, connectivity 

level 
Petri net 

Rolón et al. [22] Understandability and modifiability BPMN 
Mendling [28] Error probability EPC 
Cardoso [29] [30] complexity Graph 
Jung [31] Entropy Petri net 
Latva-koivisto [32] complexity Graph 
Gruhn and Laue [33], [34] complexity UML, BPMN, 

EPC 
Rozinat and van der Aalst [35] compliance model-logs Simulation Logs  
Laue and Mendling [36] Structuredness EPC 
Meimandi and Abdul Azim [37] Activity complexity, control-flow 

complexity, data-flow complexity 
and resource complexity 

BPEL 

Bisgaard and van der Aalst [38] Extended Control Flow Complexi-
ty, extended cyclomatic metric and 
structuredness  

WF-net 

Huan and Kumar [39] Goodness of models respect gener-
ated logs in execution 

Simulation logs  

 

Table 5. Others validated understandability and modifiability measures 

Measure Description U* M* 

Measures of Rolón 
TNSF Total Number of sequence flows X  
TNE Total Number of events X  
TNG Total Number of gateways X  
NSFE Number of sequence flows from events X  
NMF Number of message flows X  
NSFG Number of sequence flows from gateways X X 
CLP Connectivity level between participants X  
NDOOut Number of data objects which are outputs of activities  X  
NDOIn number of data objects which are inputs of activities X  
CLA Connectivity level between activities  X 

Measures of Cardoso 
CFC Control flow complexity. Sum over all gateways weighted by 

their potential combinations of states after the split 
X X 

U*: Underttandability, M*: modifiability 
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A comparison of the correlation values of Cardoso and Rolón measures with re-
spect to structural measures correlations presented in this work in each of  the con-
ducted experiments  show that: CFC for understandability has a correlation value 
about 0.5, specifically CFC-efficiency (.503, .590, .515) and for modifiability it does 
not exceed 0.5: CFC-efficiency (-.412,-.126, -.252). Correlation values of Rolón 
measures are close to 0.6 for understandability, for example, between efficiency and 
NSFE (-.668, -.621, -.563) or CLA (-.676, -.635, -.600), and 0.4 for modifiability, 
TNG-efficiency (-.381, -.126, -.270) or NSFG-efficiency (-.413, -.130, -.250)). On the 
other hand, structural measures have correlation values for understandability around 
0.8 as correlation values of efficiency and number of nodes are (-.835, -.796, -.943) or 
gateway mismatch are (-.761, -.768, -.737). Modifiability has also higher correlation 
values, for example (.814, .392, .273) for separability-efficiency or (-.573, -.655, -
.751) for depth- efficiency. As a result, the validated metrics seem to be good indica-
tors of understandability and modifiability. 

4   Acceptable Risk Levels for Process Model Metrics 

This section derives threshold values for process model metrics. We also discuss the 
merit of this research for quality management of process models in Section 4.2. 

4.1   Deriving Thresholds for Process Model Metrics  

After analyzing which measures are most useful, it is interesting to know what values 
of these measures indicate poor quality in models. That means, thresholds values 
could be used as an alarm of detecting low-quality structures in conceptual models. 
Henderson-Sellers emphasizes the practical utility of thresholds by stating that “an 
alarm would occur whenever the value of a specific internal measure exceeded some 
predetermined value”[40]. The idea of extracting thresholds is to use them to identify 
unsound design structures, thus enabling engineers to gauge the threshold values to 
avoid obtaining hazardous structures [41]. The problem of determining appropriate 
threshold values is made even more difficult by many factors that may vary from 
experiment to experiment [42]. The identification of such threshold values, therefore, 
requires methods for quantitative risk assessment [43]. 

The statistical method used to extract threshold values is the method proposed by 
Bender [43]. It obtains thresholds values through a univariate logistic regression anal-
ysis. In this particular case, we use as a dependent variable the efficiency of unders-
tandability and modifiability. As a first step it is required to dichotomized the  
variable, signifying that it would be 1 when it was higher than the median and 0 when 
it was lower [44].   

The method defines a “value of an acceptable risk level (VARL)”. This value is 
given by a probability p0. This means that when measuring measures values below 
VARL, the risk of the model being non-understandable and non-modifiable is lower 
than p0. This value is calculated as follows:  

 
VARL p= =

0p
p

-1
1

1
- -0p
beta

log( ( ( (

0-
- alpha( (
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We consider these p0 values to constitute different levels of understandability and 
modifiability, which is described as follows: 

• Level 1: there is a 10% of probability of considering the model efficient 
• Level 2: there is a 30% of probability of considering the model efficient 
• Level 3: there is a 50% of probability of considering the model efficient 
• Level 4: there is a 70% of probability of considering the model efficient 

For each experiment, we obtain different threshold values. They are stated in Table 6 
and Table 7. 

Table 6. Thresholds for error probability metrics related to understandability 

le
ve

l Nº nodes Gateway mis-
match 

Depth Connectivity 
coefficient 

Sequentiality 

E1 E2 E3 E1 E2 E3 E1 E2 E3 E1 E2 E3 E1 E2 E3 
1 63 67 65 27 30 29 4 4 4 1,7 1,7 1,6 0,1 0,1 0 

2 49 50 50 16 17 16 2 2 2 1,1 1,1 1,1 0,36 0,37 0,32 

3 38 37 37 7 6 6 2 1 1 0,6 0,6 0,6 0,58 0,58 0,64 

4 32 29 30 2 0 0 1 1 1 0,4 0,4 0,4 0,7 0,7 0,84 

Table 7. Thresholds for error probability metrics related to modifiability 

  l
ev

el
 Gateway  

mismatch 
Density Sequentiality 

E4 E5 E6 E4 E5 E6 E4 E5 E6 

1 31 75 32 0,2 0,5 1,1 0 0 0 

2 18 31 18 0,1 0,2 0,36 0,3 0,05 0,2 

3 7 0 6 0,004 0 0 0,5 0,8 0,6 

4 1 0 0 0 0 0 0,6 1,2 0,8 

The values described in Table 6 and Table 7 could be interpreted as follows: if 
number of nodes of a model is between 30 and 32, gateway mismatch is between 0 an 
2, depth is 1, connectivity coefficient is 0,4 and sequentially is between 0,7 and 0,84 
the probability of considering the model efficient in understandability tasks is about 
70%, which means model has an acceptable level of quality. It is interesting to note 
that many of the threshold values are rather close to each other. This is a good indica-
tion that the thresholds can be considered to be rather stable.  

Following the same steps, we extracted threshold values for the whole selected 
group of metrics, and organized them in different levels of understandability and 
modifiability. These levels classify business process models according to their quality 
(see Table 8). The values reported in the different rows are the median values drawn 
from the different experiments reported above. 

The information contained in Table 6 can be interpreted as the following: if number 
of nodes is less or equal to 31, gateway mismatch is 1 or depth is 1, the model is consi-
dered as “very efficient” in understandability tasks, while if gateway is 1, density 0 or 
sequentiality is 0,86, the model is considered as “very efficient” in modifiability tasks. 
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In the same way, if a model has more than 65 nodes, gateway mismatch is more than 
29 or CFCxor is more than 30, the model is considered as very inefficient in unders-
tandability tasks and if gateway mismatch is about 46 or density is 0,6, the models is 
considered as very inefficient in modifiability tasks. 

Table 8. Threshold values for conceptual model metrics 

 1: very  
inefficient 

2: rather  
inefficient 

3: rather  
efficient 

4: very  
efficient 

Understandability 
Nºnodes 65 50 37 31 

GatewayMismatch 29 16 6 1 
Depth 4 2 1 1 

Coefficient of  
connectivity 

1,7 1,1 0,6 0,4 

Sequentiality 0,1 0,35 0,6 0,7 
TNSF 72 49 34 20 
TNE 20 12 7 2 
TNG 17 10 5 0 
NSFE 28 13 4 0 
NMF 27 15 7 1 
NSFG 40 22 11 0 
CLP 7,5 4,23 2,2 0,2 

NDOIN 31 44 4 0 
NDOOUT 23 11 3 0 
CFCxor 30 17 8 1 
CFCor 9 4 1 0 

CFCand 4 2 0 0 
Modifiability  

GatewayMismatch 46 22 4 1 
Denstiy 0,6 0,22 0,0013 0 

Sequentiality 0 0,18 0,6 0,86 
NSFG 25 13 9 0 
CLA 0,53 0,875 1,1 1,3 

CFCxor 27 16 8 1 
CFCor 9 4 1 0 

CFCand 6 2,3 0 0 

4.2   The Contribution of Thresholds for Process Model Quality Research 

Our research on thresholds is informative to research on process modeling guidelines. 
Quality of conceptual process models is discussed by different frameworks such as 
SEQUAL or the Guidelines of Modeling [41, 42]. Many operational guidelines on 
process modeling can be found in practitioner’s books such as the one by Sharp and 
McDermott [43]. Up until now, we are only aware of the Seven Process Modeling 
Guidelines [44] as a guideline set that tries to define simple rules with empirical 
foundation. This paper extends this stream of research by applying a threshold deriva-
tion approach from biometrics for the process model metrics. We deem this approach 
to be an important step towards translating statistical insights on correlations between 
metrics and quality attributes into operational design rules. 
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5   Conclusions and Future Work 

In this paper we have investigated structural metrics and their connection with the 
quality of process models, namely understandability and modifiability. We have ana-
lyzed performance measures including time, correct answers and efficiency from a 
family of experiments for correlations with an extensive set of structural process 
model metrics. Our findings demonstrate the potential of these metrics to serve as 
validated predictors of process model quality. This research contributes to the area of 
process model measurement and its still limited degree of empirical validation. Be-
yond that, we have adapted an approach for threshold derivation for process model 
quality assessment. The threshold approach can be regarded as an important step 
towards translating statistical insights into operational design rules. 

This work has implications both for research and practice. The strength of the cor-
relation of structural metrics with different quality aspects (up to 0.85 for gateway 
heterogeneity with modifiability) clearly shows the potential of these metrics to accu-
rately capture aspects closely connected with actual usage. Moreover, we demon-
strated how threshold values for selected measures can be found, and related these 
values to different levels of quality related to understandability and modifiability for 
business process models. From a practical perspective, these structural metrics can 
provide valuable guidance for the design of process models, in particular for selecting 
semantically equivalent alternatives that differ structurally. A first attempt into this 
direction is made in [35]. 

In future research we aim to contribute to the further validation and applicability of 
process model metrics. First, there is a need for more cross validation of regression 
models. In particular, we will investigate in how far regression models derived from 
this family of experiments provide good predictions on data that is currently collected 
in Berlin. Second, there is a need for more formal work on making metrics applicable 
in modelling tools. Structural metrics provide condensed information such that non-
expert modellers will hardly be able to modify a model to improve the metrics. There-
fore, we see a huge potential for automatically using behaviour-preserving change 
operations for generating a model of higher quality.  
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