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a b s t r a c t 

During the whole life-cycle of software-intensive systems in safety-critical domains, system models must 

consistently co-evolve with quality evaluation models like fault trees. However, performing these co- 

evolution steps is a cumbersome and often manual task. To understand this problem in detail, we have 

analyzed the evolution and mined common changes of architecture and fault tree models for a set of 

evolution scenarios of a part of a factory automation system called Pick and Place Unit. On the other 

hand, we designed a set of intra- and inter-model transformation rules which fully cover the evolution 

scenarios of the case study and which offer the potential to semi-automate the co-evolution process. In 

particular, we validated these rules with respect to completeness and evaluated them by a comparison to 

typical visual editor operations. Our results show a significant reduction of the amount of required user 

interactions in order to realize the co-evolution. 

© 2018 Elsevier Inc. All rights reserved. 

1

 

a  

i  

a  

n  

l  

t  

e  

i  

b  

s  

c  

m

 

v  

o  

g

s

n

a  

c  

i  

e  

i  

t  

t  

t  

c  

t  

l  

i  

n  

i

 

l  

e  

r  

h

0

. Introduction 

Quality of service (QoS) attributes such as safety, reliability

nd performance are crucial for software-intensive systems, e.g.,

n safety-critical or automation systems. Such systems (e.g. aircraft

nd automation systems, robotics) are not tolerable with an erro-

eous design since they are playing fundamental roles in human

ives. Therefore quality evaluation during the development of sys-

ems from design time to runtime is inevitable. A rigorous quality

valuation is among the key methods for the dependable engineer-

ng of such systems. To that end, model-based approaches have

een proposed which construct quality evaluation models from

ystem models to gain knowledge about the quality of a system by

hecking these models against formally specified quality require-

ents ( Grunske and Han, 2008 ). 

In model-based quality evaluation, the consistency of the in-

olved models is of utmost importance. For example, the failures

f an architectural component must be adequately considered in
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n associated fault tree model. While this consistency requirement

an be reasonably met for a particular snapshot of a system, qual-

ty evaluation models typically become outdated when the system

volves, i.e., quality evaluation models and system models evolve

n an inconsistent way. As a consequence, quality evaluation leads

o unexpected and highly improper results. An example in the con-

ext of hazard analysis of component-based embedded systems is

he addition of a new port for a sensor of a component without a

orresponding addition of the sensor failures in the relevant fault

rees. This will clearly lead to wrong hazard analysis results. Hence,

oosely inter-related models such as architectural models and qual-

ty evaluation models should consistently evolve in parallel, a phe-

omenon to which we refer to as (consistent) model co-evolution

n the remainder of this paper. 

Since loosely inter-related models are typically changed in iso-

ation of each other, one adequate approach to support develop-

rs is model synchronization , i.e., the task of adapting a model in

esponse to changes in one of its inter-related counterparts in or-

er to achieve consistent co-evolution. In general, however, achiev-

ng this kind of model co-evolution is not a straightforward task

 Mens et al., 2005 ): quality evaluation models cannot be fully gen-

rated from system models, and most relations between the el-

ments of the different models are not simple one-to-one corre-

pondences. In other words, achieving consistent co-evolution can-
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not be fully automated as usually assumed by existing approaches

to model synchronization (see Section 2 for a more detailed dis-

cussion of related work in this area Getir et al., 2013 ). At best, de-

velopers may be supported by recommending possible synchroniza-

tion actions, e.g. as in the model-based (co-)evolution framework

known as CoWolf ( Getir et al., 2015 ). To achieve consistent co-

evolution, CoWolf follows a rule-based approach where incremen-

tal model transformations are used to recommend both intra- and

inter-model change actions. However, since the adequacy of the

recommendations strongly depends on the transformation rules

being used by the tool, the evolution problem is shifted to the

engineering of proper transformation rules. These should capture

evolution and co-evolution steps being considered as useful by the

developers using the tool. 

In this paper, we tackle this problem of engineering proper

transformation rule sets for an important class of models in the

context of model-based hazard analysis of software-intensive sys-

tems, namely system architecture models and fault tree models.

We extend our previous work Getir et al. (2013) on the evolu-

tion of the so-called Pick and Place Unit (PPU) ( Legat et al., 2013 ),

a case study from the automation engineering domain which is

commonly used in the German priority program “Design for Fu-

ture – Managed Software Evolution” ( Goltz et al., 2015 ). To study

co-evolution in terms of the PPU, we created consistent software

architecture and fault tree models for all safety-relevant evolution

scenarios. The contributions of this paper are: 

1. A thorough quantitative analysis of the evolution scenarios with

respect to the co-evolution of the models, i.e., how changes in

one model affect changes in the other model. We show that

the models do not co-evolve in a systematic, automatable way

and instead expertise of the developer is required to achieve

co-evolution. This is a minor contribution which, while not be-

ing exceedingly surprising, confirms the findings of previous re-

search in this context. 

2. The major contribution is a set of model transformation rules

for (1) the independent evolution of software architecture and

fault tree models and (2) synchronization of one model based

on changes in another model ensuring a correct co-evolution

of both models. In the evaluation of the rules, we show that

the presented set of model transformations is complete , i.e., it

supports performing all co-evolutions of the case study sce-

narios, and improves the task efficiency (cf. Quality in Use,

ISO/IEC, 2001 ) by reducing the amount of required model trans-

formation applications to realize the co-evolution by, on aver-

age, 52% compared to visual editing operations and 85% com-

pared to atomic model changes. Additionally, we implemented

these rules in the tool CoWolf ( Getir et al., 2015 ) to enable the

co-evolution of fault trees and software architecture models. 

To enable reproducibility of our results, we make all models for

the scenarios, the set of model transformation rules as well as the

code for the evaluation publicly available. 1 

The remainder of this paper is structured as follows. In the

next section, we discuss related work in the areas of safety eval-

uation models and their automatic generation as well as differ-

ent approaches to achieve consistent co-evolution of inter-related

models. Section 3 briefly sketches the used modeling and model

transformation languages. Thereafter, we present the results of the

quantitative analysis of the co-evolution of the models of the case

study in Section 4 . Section 5 contains a description of the devel-

oped inter- and intra-model transformation rules for architecture

and fault tree models. We evaluate this set of model transforma-

tion rules in Section 6 . Finally, we conclude and present an outlook
1 ( Getir et al., 20018 ). 

e  

s  

l  
n planned future work in incremental analysis of quality mod-

ls and supporting the developer selecting model transformations

y analyzing historic developer decisions on co-evolutions. The ap-

endix contains a thorough description of all evolution scenarios

nd their impact on system architecture and fault tree models. 

. Related work 

The work presented in this paper draws from two separate re-

earch areas, namely the work on automatic/semi-automatic gener-

tion of safety evaluation models in the architectural design phase

nd general approaches that aim at keeping dependent models

onsistent while individual models evolve. 

Safety evaluation models and their automatic generation: Several

valuation models have been proposed to facilitate a quantitative

afety analysis based on architectural specifications ( Grunske and

an, 2008 ). According to the current standards for the develop-

ent of safe systems in different application domains ( CENELEC EN

0126,128,129, 20 0 0; IEC61508, 1998; ISO26262, 2009 ), common

ault trees ( Adler et al., 2007; Bondavalli et al., 1999; Boulanger

nd Van Quang, 2008; Bretschneider et al., 2004; de Miguel et al.,

0 08; Giese et al., 20 04; Grunske, 20 06; Grunske and Kaiser,

0 05; Joshi et al., 20 07; Papadopoulos and Maruhn, 20 01; Pa-

adopoulos et al., 2001; Rae and Lindsay, 2004; Szabo and Ternai,

009 ) are widely used as evaluation models. In-line with these in-

ustrial needs we focus our research in this paper on common

ault trees as the main safety artifact. Alternative safety evalu-

tion models being used in academia are Dynamic Fault Trees

DFTs) ( Amari et al., 2003; Bechta-Dugan et al., 1992; Dehlinger

nd Dugan, 2008; Ganesh and Bechta-Dugan, 2002 ), Generalized

tochastic Petri Nets (GSPNs) ( Rugina et al., 2007 ), State-Event

ault Trees (SEFTs) ( Grunske et al., 20 05; Kaiser, 20 05; Kaiser et al.,

007 ) or Markov models ( Bozzano et al., 2009; 2011 ). In con-

rast to pure quantitative safety evaluation models also FMEA (Fail-

re Mode and Effect Analysis) tables could be considered and are

onstructed from architecture specifications ( Cichocki and Górski,

0 0 0; 20 01; David et al., 2008; Papadopoulos et al., 2004 ). To con-

truct the safety artifacts, the system architecture models are of-

en annotated with failure propagation models ( Domis and Trapp,

0 08; Elmqvist and Nadjm-Tehrani, 20 07; Grunske, 20 06; Kaiser

t al., 2003; Kaiser, 2005; Papadopoulos et al., 2001 ). These fail-

re propagation models are commonly combinatorial in nature

 Papadopoulos et al., 2001; Priesterjahn et al., 2013 ) thus produc-

ng static fault trees. 

Beside annotating an architecture specification, there are also

pproaches to construct a safety artifact via model checking tech-

iques ( Grunske et al., 2007; Güdemann and Ortmeier, 2010; Gün-

emann et al., 2007; Heimdahl et al., 2005; Lipaczewski et al.,

012 ). To keep the models consistent with the architectural mod-

ls, safety evaluation models are usually generated with genera-

ive techniques rather than using (co-)evolution techniques. Such

enerative techniques are commonly unidirectional and generate a

afety evaluation model from the architectural specifications man-

ally ( Grunske, 2006 ) or quasi-automatic ( Giese and Tichy, 2006;

iese et al., 2004; Papadopoulos et al., 2001; Priesterjahn et al.,

013 ) if the required annotations are present in the architec-

ural model. In contrast to all the above mentioned approaches,

his work focuses on co-evolution of architecture specification and

afety evaluation models, and thus tackles the problem from a dif-

erent angle. 

Model synchronization and co-evolution approaches: Complemen-

ary to the generative approaches in the safety domain, co-

volution of multiple models, and specifically ensuring their con-

istency, has been named as one of the challenges of software evo-

ution ( Ruscio et al., 2011 ). Since then, several approaches have
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een developed which address the problem of how to achieve a

onsistent co-evolution of multiple inter-related MDE artifacts. 

Many approaches which aim at achieving consistent co-

volution of multiple inter-related models render the problem as

 synchronization problem. Existing work on model synchroniza-

ion typically focuses on fully automatic approaches using model

ransformation languages like Triple Graph Grammars (TGGs)

 Greenyer and Kindler, 2010; Schürr, 1994 ), PMT ( Tratt, 2008 ), At-

as Transformation Language (ATL) ( Jouault and Kurtev, 2006 ),

roove ( Rensink, 2004 ), Query/View/Transformation (QVT)

 OMG, 2011 ), and the Janus Transformation Language (JTL)

 Cicchetti et al., 2010 ) (see also Schürr and Rensink, 2014 for a

ecent special issue on current model transformation approaches).

ergmann et al. (2012) present a novel type of model transfor-

ation to which they refer to as change-driven transformations.

hange-driven transformations are triggered by model changes in

 source model and can be utilized to incrementally synchronize

nter-related target models. Similar approaches are presented

n Madari et al. (2009) , Milovanovic and Milicev (2015) and

immer et al. (2012) . Madari et al. (2009) emphasize the explicit

aintenance of trace models between inter-related models in

rder to facilitate incremental model synchronization when source

nd target models originate from different domains. We draw on

vailable MDE technologies by using the Henshin model transfor-

ation language ( Arendt et al., 2010; Strüber et al., 2017 ) as one

f the technical foundations of our approach. However, in contrast

o ours, existing approaches do not enable the user to influence

he synchronization and are therefore not applicable for problems

here co-evolution and thus synchronization is not deterministic

s in our case. An exception of this is the approach proposed

y Milovanovic and Milicev (2015) which comprises some inter-

ctive elements when adapting database schemata in response

o changes in object-oriented data models. User interactions are

tilized to improve the accuracy of the difference calculation when

etermining the source model changes. The actual synchronization,

owever, is fully automated, which is rather straight forward in

heir scenario due to the structural similarity of object-oriented

nd relational data models. 

Another class of approach for dealing with model inconsisten-

ies in inter-related models is generally known as model repair.

everal approaches have been developed which deal with incon-

istencies by constructing repair actions ( Egyed et al., 2008; Finkel-

tein et al., 1994; Nentwich et al., 2003 ). They address the problem

f consistency preservation in the context of user induced changes.

owever, these repair actions are restricted to small changes and

o not enable complex transformations which are supported by

ur approach. 

Finally, the co-evolution of different kinds of MDE artifacts

as been studied in the literature. An example is the work of

uhroth and Wehrheim (2012) for supporting the co-evolution of

odels of the same modeling language where one model is the

efinement of another. Moreover, several approaches support the

o-evolution of meta models and related artifacts, such as the mi-

ration of instance models ( Brambilla et al., 2012; Taentzer et al.,

012 ), model transformations ( Ruscio et al., 2011 ), or syntactic and

emantic constraints ( Demuth et al., 2013 ) in response to meta

odel changes. 

. Background 

Our work is based on model-driven software engineering, par-

icularly, modeling software architectures and fault trees as well as

pecifying model transformations. Therefore, we briefly introduce

ur two modeling languages including their meta-models as well

s the Henshin transformation language ( Arendt et al., 2010 ) which

e use to specify model transformations. 
.1. Modeling languages 

This paper studies the co-evolution of two types of models, de-

ailed in the Sections 3.1.1 and 3.1.2 : (i) system architecture (SA)

odels, focusing on a structural system decomposition into com-

onents and their connections, as well as (ii) fault trees (FT) ,

hich are used to analyze the causes of undesired system states.

n both cases, well-known concepts from architecture description

anguages (ADLs) ( Taylor et al., 2009 ) and fault tree modeling

 Vesely et al., 1981 ), respectively, are used. We use the Eclipse

odeling Framework (EMF) ( Steinberg et al., 2009 ) as a technical

oundation. 

.1.1. Architectural modeling 

Similar to common ADLs, the core entities provided by our

A language for describing system architectures are components,

orts, and connectors. Fig. 1 depicts the SA meta-classes and their

elations. The SA distinguishes between type and instance level

f components and ports, i.e., two meta-classes exist for each

f these elements ( ComponentType and ComponentInstance ;

ortType and PortInstance ). Component types are further distin-

uished between hardware and software ( HardwareComponent ,

oftwareComponent ); hardware components may be electronic

 ElectronicDevice , e.g., a Sensor ) or mechanical ( MechanicalDe-

ice , e.g., an Actuator ). Components may be composite struc-

ures of other interconnected components. A component type con-

ains a set of ports ( PortType ); on the instance level, connectors

 Connector ) are used to assemble component instances via ports

 PortInstance ). A set of intra-model constraints (not included in

ig. 1 ), expressed in OCL, completes the specification of the SA

eta-model. 

.1.2. Failure model and fault trees 

Fig. 2 depicts the FT meta-classes and their relations. The FT

anguage allows the definition of a failure model and a set of cor-

esponding fault trees. A failure model includes the definition of

rrorTypes , ErrorInstances , FailureTypes and FailureInstances ,

ased on Avižienis et al. ’s (2004) ) taxonomy. To exemplify the dif-

erence between instance- and type-level, a sensor error is an Er-

orType , while the error of a specific sensor is an ErrorInstance .

he core (abstract) entities of a fault tree are events ( Event ) and

ates ( Gate ). A gate is a boolean function ( AND , OR , XOR , etc.)

hat combines multiple input events into a single output event.

hree different concrete types of events exist: (i) the top event

 Hazard )—a FT’s root element—corresponds to the undesired real-

ife hazard whose causes are analyzed using the FT; (ii) basic

vents ( BasicEvent )—a FT’s leaf elements—with associated prob-

bilities of occurrence correspond to an ErrorInstance , which is

ot further decomposed; (iii) intermediate events ( Intermedia-

eEvent ) are all other events in a FT, i.e., they are both outputs and

nputs of gates. Like for the SA meta-model, the FT meta-model is

ompleted by a set of OCL constraints (not shown in Fig. 2 ). 

.1.3. Modeling of SA/FT interrelations 

Generic trace elements are used to connect component in-

tances in an SA model to failure and error instances in a cor-

esponding FT model. Such trace elements are represented as in-

tances of the generic trace meta-model provided by Henshin

shown in Fig. 3 ). As we can see in Fig. 3 , a Trace instance may

e used to relate arbitrary model elements of type EObject , the

ommon generic base type of any model element in EMF. Our con-

ention is to use component instances in an SA model as source

lements while failure and error instances in a corresponding FT

odel are used as target elements of Trace instances. 
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Fig. 1. Classes and relations in the SA meta-model. 

Fig. 2. Classes and relations in the FT meta-model. 
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3.2. Henshin model transformations 

Henshin ( Arendt et al., 2010 ) is a high-level graph rewriting and

model transformation language and tool targeting models defined

in the Eclipse Modeling Framework (EMF) ( Steinberg et al., 2009 ).

Henshin is based on the foundations of algebraic graph transfor-

mation ( Rozenberg, 1997 ). It provides a powerful modeling formal-

ism including multi-rules, control flow and higher order transfor-

mations. Furthermore, it supports execution by interpretation, state
i  
pace generation and an API to execute the model transformations

n normal programs. 

Fig. 4 shows a simple Henshin transformation rule, typed over

he previously presented SA meta-model, for the creation of a port

nstance. We present the rule using the visual syntax of the Hen-

hin transformation language in which the left- and right-hand

ides of a rule are merged into one graph, indicating the model

atterns to be found, to be created and being forbidden by the

ule. The rule CreatePortInstance is applicable if (1) a component

nstance and a port type with a dedicated name given as rule pa-
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Fig. 3. Trace meta-model ( Henshin Trace Metamodel, 2016 ) used for modeling 

SA/FT interrelations. 

Fig. 4. Henshin rule specifying the creation of a PortInstance . 
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ameter port_type exist in the model, and (2) a port instance with

he same name as the name of the port instance to be created,

iven by parameter port_instance , does not already exist connected

o the component instance. If the rule can be executed, a port in-

tance is created with the given name and connected to the port

ype and the component instance. 

More generally, apart from the example illustrated in Fig. 4 , the

eft-hand side of a rule comprises all model elements stereotyped

y delete and preserve . The right-hand side contains all model ele-

ents annotated by preserve and create . Negative application con-

itions, i.e., existing model patterns preventing a rule from being

xecuted, are stereotyped by forbid and rendered in blue color. 

. Case study on architecture and fault tree co-evolution 

The system we studied is an industrial production plant, called

ick and Place Unit (PPU). The PPU is a factory automation system
Table 1 

Number of changes (by type) per scenario. 
hat mimics an industrial robot that moves work pieces (WPs) be-

ween different working positions where they are stored or pro-

essed. Such systems are an interesting case for evolution since

hey contain mechanical parts, electrical parts, and software parts.

ll these parts can be evolved individually or in combination. Ad-

itionally, these systems are also typically safety-critical. 

The evolution scenarios for the PPU have been described in

egat et al. (2013) and we selected a subset of 12 scenarios for

ur study Getir et al. (2013) out of these 14 evolution scenarios—

hose that were identified as including system changes affecting

he system’s safety properties. For each scenario, we manually cre-

ted SA and FT models, conforming to the meta-models described

n Section 3.1 . To reliably identify model elements over time, suc-

essive model versions in the historical evolution have been cre-

ted as revisions of each other, and model elements have been

quipped with persistent yet universally unique identifiers ( Kehrer

t al., 2012b; Kolovos et al., 2009 ). Section 4.1 briefly summarizes

he different scenarios and the changes they implied to the soft-

are architecture and fault tree models. Section 4.2 includes the

o-evolution analysis. 

.1. Evolution scenarios 

Section 4.1.1 includes a compact description of the PPU’s ini-

ial scenario (SC0), including the corresponding SA and FT model.

 brief summary of the changes in the subsequent evolution sce-

arios is provided by Section 4.1.2 . Note that in the latter, changes

o the SA and FT models—as detailed in Section Appendix A —are

ot covered for the sake of brevity. Fig. 5 summarizes the SA and

T models for the scenarios SC0–10, including changes. Additional

odels can be found in the detailed description of the scenarios

n Appendix A ( Figs. A .13 –A .15 ). Note that a similar description of

he PPU scenarios is also provided in Legat et al. (2013) (with-

ut considering SA and FT models) and Getir et al. (2013) .

owever, we decided to include it to make this paper self-

ontained. Table 1 provides a quantitative summary of selected

odel changes to the SA and FT models in the different evolution

cenarios. The column headers indicate the considered types of SA

nd FT model changes, the latter are conceptually classified into

ailure model changes and changes in the actual fault trees called
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Fig. 5. SA and FT models for the PPU scenarios SC0–10. (Legend for change operations: + addition, − deletion, # replacement by other implementation, ∼ new version of 

implementation.) 
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Fault Tree 1 and Fault Tree 2, respectively. For example the abbre-

viation + CpType denotes the addition of a ComponentType ele-

ment, and -SCpInstance denotes the removal of a ComponentIn-

stance element of type SoftwareComponent . The first 12 rows

describe for each individual scenario the number of applied addi-

tions and removals of specific elements in the considered models.

The second to last row provides the total number of occurrences

for each addition or removal over all scenarios, and the last row

a  
ummarizes the number of scenarios, in which each type of change

as involved. Overall, this table gives an intuition of how many

hanges occurred in each scenario, and how often each change oc-

urred during the (co-)evolution. 

.1.1. Initial scenario (SC0) 

In the initial scenario, the PPU consists of a stack, a crane, and

 slide. The crane places a WP at the slide, which serves as the
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utput storage. The PPU includes nine sensors, e.g., to detect the

resence of a WP at the pick up position of the stack and to detect

he position of the crane. The PPU processes only one kind of WPs

metallic). 

In the SA model ( Fig. 5 (a)), the PPU is decomposed into three

op-level component instances for stack, crane, and slide (depicted

s part of the sorter introduced in SC10)—with a dedicated com-

onent type for each. The stack and the crane are further de-

omposed including the software components responsible for their

ontrol. The FT model for this scenario includes five error types

e.g., software implementation error, sensor error), three failure

ypes (e.g., position failure), as well as respective failure and error

nstances for the respective component instances. Fig. 5 (b) shows

n FT, referred to as FT1, for the hazard that a WP is outside

he system. Failure and error instances are related to component

nstances during the development of the transformations. For in-

tance, a sensor component in Fig. 5 (a) called atPositionStackS is

elated to the basic event called “Sensor error for positions of

tack occurs” in fault tree model given in Fig. 5 (b). 

.1.2. Evolution scenarios (SC2–SC14) 
• SC2 (black plastic WPs). The PPU is extended by a sensor in the

stack in order to distinguish a new type of WPs (black plastic)

from the already supported type of WPs. 
• SC3 (stamp module added). The PPU is extended by a module

that is used to stamp metallic WPs. 
• SC4 (inductive sensors for crane positioning). The crane position-

ing sensors are replaced by more robust devices. 
• SC4b (increase reliability of crane positioning) . As a variant of SC4

(which remains the basis for the next scenarios SC7–SC14), the

new sensors are added in addition to the (now remaining) ex-

isting sensors. 
• SC7 (additional white WPs). White WPs are supported by adding

another sensor to the stack. 
• SC8 (different pressure profiles). The PPU’s stamp is extended by

a proportional valve and an analogue pressure sensor to sup-

port stamping with different pressure profiles. 
• SC9 (installation of sorter). A sorter is added to the PPU, which

comprises a conveyor (belt) that transports WPs to the slide—

now located at the end of the belt. 
• SC10 (additional slides and pushers). Two additional slides are

added to both sides of the conveyor belt to increase the PPU’s

output storage capacity. To support this functionality, two cor-

responding pushers and sensors to detect WPs are added. 
• SC11 (specific order of work pieces). The PPU’s conveyor is ex-

tended by additional sensors that serve to sort WPs by type,

each type of WP is transported to one of the three slides. 
• SC13 (potentiometer at the crane). The crane’s five individual po-

sitioning sensors are replaced by a potentiometer to increase

the accuracy and to avoid spending cables and terminal blocks. 
• SC14 (incremental encoder at the crane). The crane’s potentiome-

ter is replaced by an incremental encoder to increase resistance

to electromagnetic influences. 

.2. Lessons learned from the case study 

We described the different scenarios of the case study and the

orresponding changes of the software architecture and fault tree

odels in the previous sections. Based on these models, we an-

lyze how the two models co-evolve. Particularly, we investigate

he research question How high is the dependency between changes

f the SA and the FT models? 

In the following, we describe two research approaches, namely

orrelation and mining analysis and their results to answer the re-

earch question. The first approach manually inspects the mod-

ls and their changes and uses Pearson’s correlation coefficient
o assess the dependency between changes of both models (see

ection 4.2.1 ). This approach has the advantage that it only re-

uires the type and amount of changes in each scenario and as

uch can assess the dependency between parts of the models

here no immediate connection exists. It has however the disad-

antage that a correlation between changes does not mean that

he changed objects are actually connected. Thus, as a comple-

enting approach, we also mine the co-evolved models to iden-

ify those changes in both models which are corresponding in the

ense that the changed objects are connected to each other (see

ection 4.2.2 ). 

.2.1. Correlation analysis 

Both the SA and FT models of a scenario SCi+1 are a result of

pplying a sequence of changes to the SA and FT models of sce-

ario SCi. We distinguish between SA and FT change types, which

nvolve the addition and removal of entities from the respective

eta-model, e.g., component types ( + / −ComponentType ), error

nstances ( + / −ErrorInstance ), and basic events ( + / −BasicEvent ).

or each of the 12 evolution scenarios, we counted the number

f applied changes grouped by change type. In total, we consider

ix different SA model change types and 14 different FT model

hange types. These results, which form the basis for the further

orrelation analysis, are listed in Fig. 6 (a). Each column comprises

he number of how many times the change type represented by

he column has been applied in the respective scenario. For ex-

mple, eight component types are added in SC0. The bottom rows

nclude the total number of applied changes per type over all sce-

arios and the number of scenarios in which this change type was

pplied. Note that the changes to FT1 and FT2 are merged. In or-

er to quantify the linear relationship between the changes in the

A and FT models per type, we computed the well-known Pearson

orrelation coefficient r X, Y for each combination of change count

ectors for SA change type X = < x 0 , x 2 , . . . , x 14 > and FT change

ype Y = < y 0 , y 2 , . . . , y 14 > over all scenarios, with x i and y i repre-

enting the number of SA and, respectively, FT changes of this type

n SCi. A Pearson correlation value r X, Y is in the range between −1

nd 1, with −1 and 1 indicating high negative/positive linear rela-

ionship, and 0 indicating no such relationship. The computed cor-

elation coefficients for the case study are listed in Fig. 6 (a). Note

hat we will omit all correlation coefficients from the further dis-

ussion, which involve change types (in either X or Y ) that occur

n less than three scenarios and, thus, too seldomly. 

Three clusters of correlation values can be observed in

he data: (i) −0 . 44 ≤ r X,Y ≤ −0 . 16 , (ii) 0.22 ≤ r X, Y ≤ 0.48, and

iii) 0.61 ≤ r X, Y ≤ 1.0. The further discussion is limited to relation-

hips in the latter group (bold values in Fig. 6 (a)), considered to re-

eal a high (linear) correlation. High linear correlations can be ob-

erved for additions of component types, top-level component in-

tances, and subcomponent instances with additions of error types,

ailure types, failure instances, and intermediate events. The addi-

ion of subcomponent instances also shows high correlations with

dditions of error instances, basic events, and gates. High corre-

ations can also be observed for deletions of subcomponent in-

tances with deletions of error instances and basic events. The ad-

ition of component types, component instances, and subcompo-

ent instances roughly show similar correlation patterns, in that

hey show high correlations with the same set of FT change types.

owever, comparing even the pairs of highly correlated change

ypes such as the addition of component and error types with the

ectors of Fig. 1 , it can be observed that the number of changes

f one type not always equals the number changes of the other

ype in the same scenario. The only exception is the relationship of

eletion of subcomponent instances with error instances and basic

vents. 
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Fig. 6. Analysis results. ( + ) addition; ( −) deletion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Mining pattern for trace elements between ComponentType and Ba- 

sicEvent . 

o  

r  

F  

n  

e

 

n  

+  

e  

c  

c  

w  

i  

n  

t

 

(  
4.2.2. Mining analysis 

The mining approach analyses not only whether change types

correlate with each other, it also considers whether the changed

objects are connected to each other and if yes, how. The approach

checks for each object in the software architecture model, whether

it was created (denoted as “+ ”) or deleted (“−”) in a scenario. For

each of those created and deleted objects, it mines in the models

whether the object is connected (directly or indirectly) via a Trace

element to an object in the fault tree model which is either cre-

ated, deleted or unchanged (“= ”). In other words, we identify those

changes which happened in the same scenario and the changed

objects are connected to each other and were not just coincidently

changed in the same scenario. 

The mining, i.e., our notion of connectedness, is formalized by

a set of model patterns expressed as Henshin rules (left hand side

equals right hand side) which contain elements of the source and

target models being connected by intermediate elements which

express the concrete relation between them. Fig. 7 shows the min-

ing pattern for the connection between ComponentType and Ba-

sicEvent . In the models of the PPU case study, only Compo-

nentInstance s are connected by trace elements to elements in

the error model, i.e., ComponentType and BasicEvent elements

may be indirectly connected. Thus, the pattern specifies that Com-

ponentType and BasicEvent are linked via a Trace element be-

tween their instances ( ComponentInstance and ErrorInstance ).

Overall, we use 18 different mining patterns for all possible com-

binations of classes and connections. 

We call those changes to connected objects corresponding and

use c src, trgt for the number of corresponding changes in all scenar-

ios for a change type src in the SA model and a change type trgt in

the fault tree model, i.e., src refers to a row in Fig. 6 (a) and (b) and

trgt refers to a column. We use n src for the number of all changes

for a change type src . The cells in Fig. 6 (b) contain then the fraction
f corresponding changes between source and target model with

espect to all changes in the source model: f src,trgt = c src,trgt /n src .

or example, f + CpT ype, + Er ror T ype = 0 , 17 describes that 17% of the

ewly created component types are connected to a newly created

rror type, i.e., one which was created in the same scenario. 

Furthermore, we also mined for those changes in the sce-

ario where a created object (e.g., subcomponent instance

 SComponentInstance ) is connected to an existing object (e.g.,

rror instance = ErrorInstance ). This enables to compare whether

reated objects in the software architecture models are linked to

reated, to existing, or no objects in the error model. Similarly,

e mined also for corresponding deletions, e.g., a subcomponent

nstance is removed −SComponentInstance and also the con-

ected error instance is removed −ErrorInstance . The case that

he error instance remains is shown as = ErrorInstance . 

Only changes of subcomponent instances

 + / −SComponentInstance ) and additions of component types
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 + CpType ) happen more than 10 times in order to draw some

onclusion. We see that created subcomponent instances in the

ajority of cases are connected to existing error types. With

espect to error instances and basic events in the fault tree, they

re in contrast connected to newly created objects. The reverse

hange type, deletions of subcomponent instances, show also the

everse corresponding changes, deleting error instances and basic

vents and keeping error types. Created component types are in

ore than half of the cases connected to newly created basic

vents, but this is due to the fact that component types are also

onnected to component instances. 

.2.3. Results and discussion 

Both the correlation and mining analysis confirm our prelimi-

ary results ( Getir et al., 2013 ) for this case study that no simple

nd straightforward co-evolution of SA and FT models exists that

ould be automated. However, both mining approaches could be

xploited in a co-evolution framework that includes user interac-

ion, by prioritizing potential co-evolutions based on the data. 

We are aware of major threats to validity concerning our con-

lusions, namely (i) the limited statistical significance due to the

ow number of observations (conclusion validity), (ii) the fact that

ll models have been developed by the same people—while in

ractice they are developed by different teams (internal validity),

iii) the consideration of grouped changes per scenario (construct

alidity), as well as the fact that (iv) we investigated only a sin-

le case (external validity). We argue that it is a challenge to

nd a consistent model co-evolution case study such as the PPU

cenarios used in this paper. In fact, we are only aware of one

ther case study on model co-evolution which is presented by

errmannsdörfer et al. (2010) . However, the study is on the co-

volution of meta-models and instance models, the co-evolution of

ultiple instance models is not addressed. We experienced that it

s already extremely hard to consistently co-evolve the SA and FT

odels for this—seemingly small—case study. However, particularly

.r.t. to (ii)–(iv) we do not see that these threats have a major im-

act on our conclusion that co-evolution cannot be fully automated

ut requires user interaction. 

. Supporting co-evolution 

In Section 4 , we presented the analysis results and conclude

hat change actions between system architecture and fault trees

re not straightforward. For this reason, developers can only be

ssisted by a recommender system that offers a set of meaning-

ul transformations, which is rich enough to consistently co-evolve

ystem architecture and fault tree models. Specifications of such

ransformations can be integrated into a rule-based framework

uch as the CoWolf tool ( Getir et al., 2015 ) assisting developers in

chieving consistent co-evolution in a step-wise manner. 

As described in the following subsections, the creation, identi-

cation and the co-evolution of the relations between two mod-

ls such as system architecture and fault trees can be achieved

y means of model transformations incrementally. We use Henshin

odel transformations in order to capture (i) co-evolution actions

etween SA and FT models, and (ii) evolution actions in the indi-

idual models. In CoWolf, the former are used to support develop-

rs in model synchronization, while the latter provide assistance in

onveniently performing isolated changes in individual models. 

We illustrate our concept and basic notions which are used in

he remainder of this article in Fig. 8 . Every version SA i in a history

f co-evolving SAs and FTs has a corresponding version FT i . We de-

ote such a pair ( SA i , FT i ) of two corresponding models a couple .

hese couples are connected via trace elements that associate el-

ments from different corresponding models with each other (see

ection 3.1.3 ). A couple ( SA , FT ) represents a consistent snapshot
i i 
f our sample system, i.e. SA i and FT i have been consistently co-

volved in each evolution step of the PPU. 

We distinguish two kinds of model transformations: intra-

ransformations and inter-transformations as presented in the fol-

owing subsections. 

.1. Intra-model transformations 

For every type of model (here SA and FT), there are intra-model

ransformations that execute evolution actions internally within

his type of model, i.e. without changing the corresponding model

see vertical transformations in Fig. 8 ). This implies that every

hange between two versions of a model can be partially described

y applications of rules from this set of intra-transformation rules.

Fig. 9 demonstrates two examples of SA intra-transformation

ules specified in Henshin (see Section 3.2 for a brief introduction

nto the Henshin model transformation language). The first rule

n Fig. 9 (a) specifies the creation of a new component in an SA

odel. The rule, called CreateComponentInstance , gets the names of

he component to be created and its desired type as input param-

ters. The rule is applicable if such a component type exists and

here is not yet a component having the same name as the one

hich is to be created. When being applied, it adds the created

omponent to the architecture model and sets the desired com-

onent type. The second rule in Fig. 9 (b), which is more complex

han the first one, specifies the creation of a connection between

wo components. The rule, called CreateConnection , gets the names

f two components that shall be connected as well as the names

f the ports and the connector to be created as input parameters.

t creates the whole connection, actually a complex model pattern

ncluding in- and out-ports that are to be connected by the con-

ector. Like most of our intra-model transformation rules, the rule

s equipped with a negative application condition (NAC) in order to

reserve internal consistency constraints of a model to which the

ule is applied. Similar to the transformation rule in Fig. 9 (a), the

AC exposed by the transformation rule CreateConnection ensures

he uniqueness of names. 

Note that the change specified by the transformation rule

reateConnection could be achieved by a sequence of sub-rules,

amely the creation of the required ports followed by the creation

f the connector. Both sub-rules, i.e., the creation of a component

ort as well as the creation of a connection between existing ports,

re also included in our set of SA intra-transformation rules (not

resented in this paper). Nevertheless, a compact rule such as Cre-

teConnection achieves this change in a single step, which demon-

trates our aim of reducing the amount of manual work to achieve

onsistent model (co-)evolution. 

Internal transformations for FT models have been created in the

ame manner. As a result, we have created 42 intra-model trans-

ormations for SA and 57 intra-model transformations for FT. 

.2. Inter-model transformations 

Inter-model transformations (horizontally shown in Fig. 8 ) have

een created to describe co-evolutions. They are used to execute

he corresponding changes on an FT model when an SA model un-

ergoes changes, i.e., to effectively achieve semi-automated model

ynchronization through change recommendations. Trace elements

etween couples play the key role in the identification of the rela-

ions and are extensively used by our inter-model transformations.

ll inter-model transformation rules include at least one Trace ob-

ect representing a connection between an SA and an FT model. In

um, we have developed 16 inter-model transformation rules de-

cribing possible co-evolution steps of SAs and FTs as presented in

able 2 . We can classify these rules in four categories to which we
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Fig. 8. The role of transformations supporting model (co-)evolution. 

Fig. 9. Intra-model transformations for system architecture. 
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refer to as consistency, coupling/connecting, decoupling and propaga-

tion , respectively. 

Firstly, consistency transformation rules aim at ensuring that if

an SA ComponentInstance has a connection to an ErrorInstance

or a FailureInstance , then an associated BasicEvent or Interme-

diateEvent is being created. The other way round is also possible,

i.e., a BasicEvent or IntermediateEvent associated to an Error-

Instance or FailureInstance having no connection to a Compo-

nentInstance may be deleted. Such rules can support developers

in achieving consistent co-evolution by adding the corresponding

element (1–2 in Table 2 ) or removing it as reverse transformations

(3–4 in Table 2 ). For instance, the rule EnsureBasicEvent shown

in Fig. 10 (a) gets a component name and event id as input. The
ule searches for a ComponentInstance with the given name and

hecks if there is an ErrorInstance being connected via a Trace el-

ment. If so, the rule is applicable and creates a BasicEvent with

iven event id. Hence, the rule EnsureBasicEvent enables the devel-

per to ensure the existence of a basic event for each component

n the architectural model being connected to an ErrorInstance

ut yet lacking a basic event. However, this cannot be done fully

utomated since the developer needs to decide in which fault tree

he basic event is relevant and thus shall be added by executing

he transformation rule. 

Secondly, coupling/connecting transformation rules aim at cre-

ting new trace objects to relate the corresponding elements be-

ween M SA and M F T . In other words, they specifically add new
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Table 2 

Summary of inter-model transformations. 

Category # Name + Node + Edge −Node −Edge 

Consistency Addition 1 EnsureBasicEvent 1 2 0 0 

Addition 2 EnsureIntermediateEvent 1 2 0 0 

Deletion 3 RemoveConnectedBasicEvent 0 0 1 3 

Deletion 4 RemoveConnectedIntermediateEvent 0 0 1 3 

Coupling/connecting 5 CreateAssociatedErrorInstance 2 5 0 0 

6 CreateAssociatedFailureInstance 2 5 0 0 

7 ConnectPortInstanceWithFailureInstance 1 2 0 0 

8 ConnectComponentInstanceWithFailureInstance 1 2 0 0 

9 ConnectComponentInstanceWithErrorInstance 1 2 0 0 

10 ConnectPortInstanceWithErrorInstance 1 2 0 0 

11 ConnectConnectorWithFailureInstance 0 0 1 2 

Decoupling 12 ClearTraceElement 0 0 1 2 

Propagation 13 PropagateFailureToParentComponent 1 2 0 0 

14 PropagateFailureToConnectedPortFromPort 1 2 0 0 

15 PropagateFailureToComponentFromPort 1 2 0 0 

16 PropagateErrorToComponentFromPort 1 2 0 0 

Fig. 10. Inter-model transformations between system architecture and fault trees. 
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inter-model relationships to the models. An example is demon-

strated with the rule CreateAssociatedErrorInstance in Fig. 10 (b). The

rule CreateAssociatedErrorInstance basically builds the relationship

for corresponding elements of type ComponentInstance and Er-

rorInstance by ensuring that there there is an error type de-

fined for the ErrorInstance . It creates one ErrorInstance and the

Trace between a ComponentInstance and an ErrorInstance at

the same time. Coupling/connecting transformations can (i) add

new trace objects together with new elements (5–6 in Table 2 ) as

demonstrated in Fig. 10 (b), which creates for an existing Compo-

nentInstance an associated ErrorInstance in the FT model and

connects these two elements with a Trace object, and (ii) connect

existing elements with a new Trace object (7–11 in Table 2 ). 

Third, decoupling transformation rules reverse the coupling

transformation functionality. In Fig. 10 (c), we provide a generic rule

to clear a trace object that does not require a specific name. 

Finally, propagation transformation rules aim at implementing

various combinations of inter-model relationships on a SA model.

For example, the transformation PropagateFailureToParentCompo-

nent propagates the FailureInstance of a ComponentInstance to

its parent component ComponentInstance by applying CreateAs-

sociatedFailureInstance (Rule 6). The transformation is applicable if

there exists a parent ComponentInstance not being connected to

the FailureInstance yet. 

5.3. Running example showing evolution actions 

In Fig. 11 (a), we demonstrate one evolution step of the PPU sys-

tem from scenario SC2 to scenario SC3, where the PPU is evolved

by the addition of a Stamp component. We illustrate some changes

in the system architecture (left) and their impact on the corre-

sponding fault tree (right) for parts of the models. Here, we fo-

cus on one change in the Crane component and the correspond-

ing changes in the fault tree when the stamp is added to the sys-

tem. A new sensor atPositionStampS is added as a subcomponent

of component Crane . In this specific example, the new component

atPositionStampS and its ports are associated with existing types,

i.e. an existing component type and an existing port type, respec-

tively. Therefore, no new component type or port type is being

created. Concerning the related fault tree, the addition of the com-

ponent atPositionStampS leads to the creation of a new error in-

stance toStampSInductiveError which is connected to component at-

PositionStampS by a new trace element. Furthermore, the new error

instance is connected to a new basic event called “Sensor error for

position of Stamp occurs” such that atPositionStampS and the basic

event are properly connected to each other. In turn, the new ba-

sic event is connected to an existing OR gate instead of appearing

standalone. This gate takes the input events associated to the sib-

ling components of atPositionStampS in the component hierarchy,

i.e. the events associated to other subcomponents of component

Crane . 

In Fig. 11 (b), we illustrate how the changes of Fig. 11 (a) can

be achieved by applications of our intra- and inter-model transfor-

mations. First, two intra-model transformations are performed on

model SA 2 by applying rules CreateComponent and CreateConnec-

tion , referred to as rule applications 1 and 2 Fig. 11 (b). by apply-

ing these rules, we create the new sensor component and embed

it into the SA model. Thereafter, as a response to these changes,

the FT model is being adapted by applying inter-model transfor-

mations CreateAssociatedErrorInstance and EnsureError . Thereby, we

create new error instance being traced to the new component

(rule application 3) together with a new basic event associated to

that error instance (rule application 4). Finally, applying the intra-

model transformation rule CreateConnection connecting the new

basic event to an existing OR gate in the FT model (rule applica-
ion 5) completes the synchronization, thus leading to a consistent

o-evolution step. 

As already mentioned in Section 5.1 , our rule sets include basic

diting operations as well as more complex transformation rules

hich cover several basic editing operations to improve efficiency.

his is also illustrated in our example of Fig. 11 (b). Here, the ap-

lication of the intra-model transformation rule CreateConnection

rule application 2) could be replaced by a sequence of three rule

pplications yielding the same result, namely CreatePort, CreatePort,

reateConnector , illustrated as Alternative 2b in Fig. 11 (b). 

. Evaluation 

The quality of a co-evolution framework such as CoWolf

trongly depends on the quality of the transformation rules being

ffered to developers as interactive editing commands. Thus, we

nvestigate two major quality aspects of our set of manually de-

ned transformation rules which must be (i) complete in the sense

hat every couple ( SA i , FT i ) can be evolved to ( SA i p, FT i p) in a con-

istent way, and (ii) helpful in the sense that this evolution can be

chieved by a developer with minimal effort, which is also referred

o as task efficiency in the literature ( ISO/IEC, 2001 ). 

.1. Research methodology 

We choose a quantitative approach in order to assess these

uality aspects. For each evolution step of the PPU case study,

.e., for each pair of successive evolution scenarios SCi and SCi+1 ,

e calculate model differences �(SCi, SCi + 1) which are based

n our transformation rules presented in Section 5 . A difference

(SCi, SCi + 1) provides a specification of how scenario SCi can be

volved to scenario SCi+1 using transformation rules available in

 dedicated rule set. Thus, we can utilize difference metrics (see,

.g., Wenzel, 2008; Yazdi et al., 2013; Yazdi et al., 2014 ) in order

o reason about quality aspects (i) and (ii) of a transformation rule

et. 

In our study, we use the SiLift model differencing framework

 Kehrer et al., 2012a ), which has been specifically designed for the

omparison of graph-structured models. In addition to the two in-

ut models M 1 and M 2 , which are to be compared with each other,

he differencing engine takes a set R of transformation rules as ad-

itional configuration parameter as input (cf. Fig. 12 ). The output

f the differencing engine, i.e., the difference between M 1 and M 2 ,

s given as a sequence of rule applications, each rule is part of the

re-defined set R ( Kehrer et al., 2013 ). We write �R ( M 1 , M 2 )to re-

er to a difference which is based on a set R of transformations

ules. Transformation rules must be specified in Henshin. 

Our study design is described in Section 6.2 , quality metrics are

ntroduced in Section 6.3 . Results are summarized by Section 6.4 ,

nd Section 6.5 finally discusses threats to validity. 

.2. Study design 

Pairs of models which are subject to a difference calculation are

iven by the evolution steps of the PPU case study. We consider

 triple ( SA i , FT 1 i , FT 2 i ), including the trace elements between SA i

nd FT 1 i as well as the trace elements between SA i and FT 2 i , as a

ingle input model. For each evolution step, we compute three dis-

inguished kinds of differences which are based on different sets of

ransformation rules. Obviously, one set of transformation rules is

iven by our intra- and inter-model transformation rules presented

n Section 5 . For brevity, we refer to this set as Inter/Intra . The fol-

owing two sets of transformation rules serve as reference rule sets

or our evaluation: 

• Atomic : Transformation rules in this set provide all atomic

change operations on graph-structured models which cannot be
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Fig. 11. Example of an evolution step. 

 

 

 

 

 

 

 

cal editors for visual modeling languages. 
split into smaller operations, i.e. rules to create and delete sin-

gle nodes and edges of a graph-structured model. 
• Generated : Transformation rules in this set are generated from

our SA/FT meta-models (cf. Figs. 1 and 2 ) using the approach

presented in Kehrer et al. (2016) , which is implemented in the
SiDiff Edit Rule Generator (SERGe) ( Rindt et al., 2014 ). As ar-

gued in Kehrer et al. (2016) , transformation rules generated

with SERGe are similar to the edit operations provided by typi-
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Fig. 12. SiLift model differencing engine: in- and output parameters. 
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We refer to the calculated kinds of differences as �Atomic ,

�Generated and �Inter / Intra , respectively. We consider these rule sets

as the baseline for evaluating the quality of our intra-/inter-model

transformation rules. 

6.3. Measures 

6.3.1. Completeness 

Our set of intra-/inter transformation rules is complete if we

can describe any evolution step based on rules available in this set.

To that end, we check whether all differences �I nter/I ntra (SCi, SCi +
1) can be calculated by SiLift. If we can compute a difference for

each evolution scenario of the PPU case study, this serves as strong

indicator for the completeness of our set of intra-/inter transforma-

tion rules. 

6.3.2. Task efficiency 

In a co-evolution framework which primarily serves as a recom-

mender system, each transformation rule would be offered to the

developer as an interactive editing command which is executable

in a well-defined context. Consequently, the amount of manual

work for an evolution step can be measured by counting the num-

ber of editing commands which have to be executed in order to

(co-)evolve SCi to SCi + 1 . The less editing commands have to be

executed, the more efficient the semi-automated (co-)evolution. 

In our study design, the number of editing commands is rep-

resented by the number of rule applications contained by a dif-

ference. We write | �( M 1 , M 2 )| to refer to the number of rule ap-

plications contained by �( M 1 , M 2 ). Let R 1 and R 2 be two sets

of transformation rules serving as configuration parameter of the

SiLift differencing engine, then the reduction of the number of rule

applications for a difference �R 1 ( M 1 , M 2 )compared to a difference

�R 2 ( M 1 , M 2 )(with | �R 1 ( M 1 , M 2 )| ≤ | �R 2 ( M 1 , M 2 )|) can be evaluated

by a function f red as 

f red (R 1 , R 2 , M 1 , M 2 ) = 1 − | �R 1 (M 1 , M 2 ) | 
| �R 2 (M 1 , M 2 ) | (6.1)

Thus, for each evolution step, the reduction of the amount

of changes using intra-/inter-model transformation rules com-

pared to using generic graph operations can be assessed by

f red (I nter/I ntra, Atomic, SCi, SCi + 1) . Compared to the generated

transformation rule set, we can quantify the improvement by

f red (I nter/I ntra, Generated, SCi, SCi + 1) . 

6.4. Results 

The results of the calculation of the model differences �Atomic ,

�Generated and �Inter / Intra for each evolution step SCi → SCi+1 are

summarized by Table 3 . 

The evolution step is shown in column 1. Columns 2 and 3

show the number of atomic graph operations, i.e., the addition

and deletion of nodes (+/ −Node) and edges (+/ −Edge) in terms of

a graph representation of our SA/FT models. The total number of

atomic graph operations is summarized by column 4. It quantifies

the number of editing actions being required to evolve a scenario

SCi to SCi + 1 if no specific tool support is provided. Columns 5 and
 report about the number of rule applications which are required

o evolve a scenario SCi to SCi + 1 using transformation rules gen-

rated by SERGe. Column 5 refers to the rule applications on the

A and FT models, column 6 quantifies the required change oper-

tions in order to evolve the respective trace elements. Both types

f changes are summarized by column 7. Finally, basic properties

f each difference �I nter/I ntra (SCi, SCi + 1) , namely the number of

ntra- and inter-model rule applications, are shown by columns 8

nd 9, summarized by column 10. 

Completeness: An important result of our evaluation is that ev-

ry difference �I nter/I ntra (SCi, SCi + 1) can be calculated based on

ur intra- and inter-model transformation rules. This means in turn

hat any historically observable evolution step can be expressed by

xclusively using transformation rules available in our defined set

f intra- and inter-model transformation rules. Thus, we can con-

lude that this set of rules is complete w.r.t. all evolution steps pro-

ided by the PPU case study. 

Task efficiency: As already mentioned, we assume here that the

umber of changes comprised by a model difference SCi → SCi + 1

erves as an indicator for the manual editing effort which is re-

uired to achieve the respective co-evolution step. In other words,

he manual effort depends on the edit operations which are avail-

ble for modifying a model. Improved task efficiency by using our

o-evolution rules as edit operations compared to conventional

dit operations is thus demonstrated by columns 11 and 12. The

eduction of the number of edit steps compared to evolving SA and

T models using atomic graph operations is shown by column 11.

n average, our intra- and inter-model rules reduce the number

f changes by 84.5% (independently of the overall size of a differ-

nce), which is as a significant reduction of the amount of work

or a developer. Even compared to the generated visual editor op-

rations, as shown by column 12, our manually defined transfor-

ation rules reduce the amount of required user interactions to

ealize the PPU co-evolution by on average 52%. In particular, a

etailed inspection of the columns 9 ( Inter ) and 6 ( Traces ) reveals

hat a considerable portion of the observed reduction compared to

ypical editor operations is achieved by our inter-model transfor-

ation rules, which are specifically designed to support the co-

volution. 

To get a better impression of the usefulness of each individ-

al inter-model transformation rule, we present a detailed distri-

ution of the observable inter-model transformations over the 11

volution steps of the PPU in Table 4 . Not surprisingly, none of the

nter-model transformations can be observed for the initial evolu-

ion step SC0 → SC2 since there is no change on the fault trees and

hus no co-evolution at all. For almost any other evolution step, we

bserve a high number of occurrences of the consistency rules En-

ureBasicEvent and EnsureIntermediateEvent (see Section 5.2 ). This

eans that these rules are indeed very helpful to support a con-

istent co-evolution of the models involved in our case study. Like-

ise, transformations of type (de-)coupling/connecting can be ob-

erved frequently over the evolution steps. In most of the evolu-

ion scenarios, the PPU is extended by additional features and thus

volving into a larger system. Therefore, coupling/connecting usu-

lly manifests in the addition of new elements and their connec-

ions, see transformations CreateAssociatedErrorInstance and Con-

ectComponentInstanceWithFI . Decoupling ( ClearTrace ) arises spo-

adically because of changing some components. Finally, propa-

ation transformations are observable very rarely, particularly for

arger evolution steps whose respective differences comprise many

hanges (e.g., SC9 → SC10). The reason is that for the PPU case

tudy the majority of errors/failures of sub-components are not

ropagated to the parent component in the component hierarchy.

ost of the time, the sub-components of the PPU can handle the

rror instances (e.g. sensors) before the errors/failures are propa-

ated to the parent components. 



S. Getir et al. / The Journal of Systems and Software 142 (2018) 115–135 129 

Table 3 

Difference metrics by calculated difference ( �Atomic , �Generated , �Inter / Intra ) and evolution step SCi → SCi + 1. 

�Atomic �Generated �Inter / Intra 

Ev. step + / −Node + / −Edge � SA/FT Traces � Intra Inter � Red. to �Bsc . Red. to �Gen . 

SC0 → SC2 9 33 42 9 0 9 5 0 5 88,1% 44,4% 

SC2 → SC3 89 329 418 84 48 132 36 21 57 86,4% 56,8% 

SC3 → SC4 64 322 386 88 60 148 54 26 80 79,3% 46,0% 

SC4 → SC4b 122 530 652 144 30 174 65 16 81 87,6% 53,5% 

SC4b → SC7 136 581 717 158 36 194 71 13 84 88,3% 56,7% 

SC7 → SC8 46 167 213 50 30 80 25 15 40 81,2% 50,0% 

SC8 → SC9 54 188 242 58 30 88 34 15 49 79,8% 44,3% 

SC9 → SC10 110 421 531 114 72 186 46 36 82 84,6% 55,9% 

SC10 → SC11 60 218 278 58 54 112 19 26 45 83,8% 59,8% 

SC11 → SC13 80 325 405 85 36 121 43 13 56 86,2% 53,7% 

SC13 → SC14 28 103 131 31 12 43 16 5 21 84,0% 51,2% 

Avg. 73 292 365 80 37 117 38 17 55 84,5% 52,0% 

Table 4 

Distribution of inter-model transformations over evolution steps SCi → SCi + 1. 

Inter-model trans./Ev. step SC0 SC2 SC3 SC4 SC4b SC7 SC8 SC9 SC10 SC11 SC13 �

→ SC2 → SC3 → SC4 → SC4b → SC7 → SC8 → SC9 → SC10 → SC11 → SC13 → SC14 

EnsureBasicEvent (1) 0 4 6 6 1 4 3 10 7 1 1 43 

EnsureIntermediateEvent (2) 0 1 0 0 0 1 2 2 1 0 0 7 

CreateAssociatedErrorInstance (5) 0 14 10 10 2 7 6 20 15 2 2 88 

ConnectComponentInstanceWithFI (8) 0 1 0 0 0 1 4 2 2 0 0 10 

ClearTrace (12) 0 0 10 0 10 1 0 0 0 10 2 33 

PropagateErrorToComponent (16) 0 0 0 0 0 0 0 0 1 0 0 1 

PropagateFailureToComponent (15) 0 1 0 0 0 1 0 2 0 0 0 4 

� 0 21 26 16 13 15 15 36 26 13 5 
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.5. Threats to validity 

Our conclusions are subject to several threats to validity

 Wohlin et al., 20 0 0 ), the major ones will be discussed in the re-

ainder of this section. 

Construct validity: The reduction of the user’s effort in achieving

onsistent co-evolution is only indirectly addressed by our eval-

ation, namely by showing that our transformation rule set in-

eed can significantly reduce the number of required editing steps.

hese editing steps, however, would be presented to users as sets

f potential (partial) recommendations. Users would have to se-

ect the most suitable recommendations from such a set, some of

hich would have to be completed by passing concrete arguments

o the underlying rule applications. A different approach to evalu-

te the efficiency of the recommendations would be to follow es-

ablished guidelines for evaluating recommender systems in both

nline and offline experiments ( Shani and Gunawardana, 2011 ).

owever, the results would not only depend on our catalog of op-

rators but would largely be influenced by the quality of the rec-

mmendation system itself. The latter, i.e., the CoWolf framework

hich is intended to be configured by our transformation rules, is

ot a contribution of this paper and thus needs to be evaluated in

 separate context. 

Moreover, it is debatable whether the pure number of changes,

hich are contained by a difference, reflects the quality of a dif-

erence in an adequate way. However, the domain of comparison

nd versioning of software models still lacks a standardized set of

uality metrics for model differences, and the number of changes

s a commonly accepted indicator for the understandability of a

ifference ( Kehrer et al., 2011; Langer et al., 2013 ). 

Another threat to construct validity is that we use generated

ransformation rules as reference value to quantify the amount of

anual work being reduced by using our manually defined trans-

ormation rules. Thus, the reduction of manual work compared

o sophisticated editors might actually be smaller. However, inter-

odel transformations are typically not supported. 
p

External validity: The PPU evolution scenarios and the respec-

ive SA/FT models have been created in a laboratory environment

nd we have only studied a single case. Thus, it is questionable

hether our rules meet the requirements of real projects in the

ame way as they do for the PPU case study, and we might have

issed several transformation rules which are helpful in other

ontexts. However, Legat et al. (2013) that the evolution scenarios

f the case reflect typical evolutions in industrial practice. A second

hreat to external validity is that the completeness of inter-/intra-

odel transformation rules have only been demonstrated w.r.t. the

volution steps of the PPU case study. However, due to the infinite

umber of valid SA and FT models, a general proof for complete-

ess is hard to achieve. To more exhaustively evaluate the suitabil-

ty of our transformation rules for achieving co-evolution of archi-

ectural models and fault trees, we would need to study another

ase for which a consistent co-evolution history of these types of

odels is readily available. However, to the best of our knowledge,

here are no other data sets where we could evaluate the transfor-

ation rules on. 

Moreover, it is a largely open question how the general ap-

roach would perform on different kinds of models from another

omain, particularly w.r.t. the necessary effort in studying and en-

oding similar inter- and intra-model transformation rules for this

omain. However, domain-independence is not a claim of this pa-

er, and thus we leave such an evaluation for future work. Accord-

ng to our experience, the manual effort f or creating an extensive

atalog of transformations is hard to measure and estimate since

t depends on a multitude of different factors, such as the exper-

ise level of the developers, the sizes of meta-models, the degree

f logical coupling between inter-related models, etc. However, we

rgue that the creation of a catalog of transformation rules is a one

ime setup effort while the catalog itself is a highly re-usable asset.

In conclusion, concerning our objective to provide a general

ramework supporting the co-evolution of SA/FT models, we are

onvinced that our transformation rule set serves as a valuable

oundation which, if needed, can be adapted and/or extended to

roject-specific needs. 
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7. Conclusion 

In this paper, we have thoroughly analyzed the co-evolution of

architecture models and fault trees for a factory automation system

called Pick and Place Unit as an extension of our previous work

( Getir et al., 2013 ). 

As a major contribution, we provided a set of model trans-

formation rules for achieving co-evolution of software architec-

ture and fault tree models ensuring a correct evolution of both

models, and demonstrated how to use these rules for a particu-

lar (co-)evolution step of the PPU. Our evaluation of these rules

shows that they support all co-evolutions of the Pick and Place

Unit evolution scenarios. Furthermore, the rules significantly re-

duce the amount of required model transformation applications to

realize the co-evolution compared to the usual visual editing op-

erations and to atomic model changes. Obviously, although devel-

oped in terms of the PPU case study, the intra- and inter-model

transformation rules provided by this paper are case study-specific

but may be used as a basis for consistently co-evolving architec-

tural models and fault of any other system. We make the all trans-

formation rules, (meta-)models and analyzed data online available

such that they can be implemented as a case study ( Ayav and

Sözer, 2016 ). 

In our future research, we plan to extend the analysis to differ-

ent models and type of models as well as also to investigate fur-

ther co-evolution scenarios for similar systems. We believe that the

results presented in this paper can be generalized, however a care-

ful investigation is needed. Based on the results of the co-evolution

of architecture models and quality evaluation models, the next step

is to provide methods and tools support for efficient evaluation of

co-evolving quality evaluation models. The goal is to provide con-

tinual verification of the system for each evolution step at design

time and at run time. 

The current approach only supports the developer by providing

the transformations to evolve and co-evolve software architecture

models and fault trees. However, it does not support the developer

which transformation to use, particularly, which evolution of one

model should be applied after a change in the other model. We

plan to use the presented transformations and the developed tool-

ing to analyze historical co-evolution behavior, i.e., the types, or-

der, and applications of transformations, to predict or prioritize the
Fig. A.13. FT for the hazard that
pplication of transformations in one model after a change in the

ther model. Early positive results evaluating techniques from arti-

cial intelligence for that purpose encourage us in further working

n that direction. 

ppendix A. Detailed description of PPU evolution scenarios 

Each description of the scenarios SC0–SC14 starts with a general

escription followed by a description of the related changes in the

A and FT models. Note that our goal is not to perform a complete

azard analysis in each scenario to assess the safety of the system.

e are only interested in the identification of the relations be-

ween the evolution of the different models. Figs. 5 and A .13 –A .15

epict the SA and FT instances summarizing changes from differ-

nt scenarios. For our SA language, a graphical concrete syntax is

sed, which is similar to SysML Composite Structure Diagrams. The

omponent instances are labeled with a combination of identifier

nd component type name (e.g., stackS:TactileDigital ), as well as a

tereotype indicating the component type meta-class ( �Sensor �). 

SC0—initial situation. In the initial scenario, the PPU consists of

 stack, a crane, and a slide. The stack includes a separator that

ushes a WP to a position from where it is picked up by the crane

using a vacuum). The crane places the WP at a slide, which serves

s the output storage. The PPU includes nine sensors (all tactile

igital): in the stack, one sensor detects the presence of a WP at

he pick up position and two sensors detect whether the separator

s extracted or retracted; in the crane, four sensors detect the crane

osition and two sensors detect whether the crane’s cylinder is up

r down. In this scenario, the PPU processes only one kind of WPs

metallic). 

Fig. 5 (a) includes the decomposition of the PPU into three top-

evel component instances for stack, crane, and slide (depicted as

art of the sorter introduced in SC10)—with a dedicated compo-

ent type for each. The stack and the crane are further decom-

osed according to the afore-mentioned information about this

cenario, including the software components responsible for their

ontrol. Note that both sensors and the software components share

he same respective type: a type for tactile digital sensors and one

or software building blocks. Without the loss of generality, we

odel the software components to have a common type. 
 a WP is corrupted (FT2). 
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Fig. A.14. Partial SA component model for the PPU scenarios 11,13,14. 
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With respect to safety, the FT model for this scenario includes

ve error types (software implementation error, sensor error, tim-

ng and general vacuum errors, and external error), three failure

ypes (position failure, timing failure, exceeded capacity), as well

s respective failure (four) and error (eight) instances for the re-

pective component instances. Fig. 5 (b) shows an FT, referred to as

T1, for the hazard that a WP is outside the system. Failure and er-

or instances are related to component instances by generic trace

lements. 

SC2—black plastic WPs. A sensor (inductive digital) is added to

he stack, which—together with the existing tactile digital sensor—

llows to distinguish metallic WPs from black plastic WPs intro-

uced in this scenario. In the SA model, this leads to an addition of

 new component type (for inductive digital sensors) and a com-

onent instance of this type as subcomponent of the stack. With

espect to safety, no changes to the failure model and the FT ap-

ear, as the two types of WPs are not handled differently, so far. 
SC3—stamp module added. A stamp is added, including a mag-

zine, a cylinder, and four sensors (tactile digital). The magazine

oves a WP to/from the stamp position; the cylinder does the ac-

ual stamping by moving down, pressing, and retracting. Two of

he sensors are used for the magazine; the remaining two for the

ylinder. An additional tactile digital sensor is added to the crane

n order to detect when it is at the position of the stamp. Only

etallic WPs are stamped. The SA model is changed at two places.

irst, a new sensor component instance (existing type) is added

o the crane. Second, a new top-level component instance for the

tamp (along with the addition of a new component type), includ-

ng component instances for the software (existing type), maga-

ine (including a new type), cylinder (existing type), and the four

ensors (existing type) are added. With respect to safety, six er-

or instances (existing error types) for sensors are added: five for

he sensors introduced in this scenario and another for the sensor

dded in SC2, which is used now. A failure instance and a corre-
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Fig. A.15. Partial FT model (FT1) with changes only for the scenarios 11,13,14. 
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sponding failure type are added for the event that a wrong WP is

stamped. This scenario also introduces a new hazard: WPs may get

corrupted. Therefore, we created a second FT, referred to as FT2,

which includes three basic events—a sensor error in the stack as

well as a sensor and an implementation error in the stack—and an

OR gate leading to an intermediate event for pressing wrong WPs.

FT2 is shown in Fig. A.13 . 

SC4—inductive sensors for crane positioning. Each of the five tac-

tile digital crane positioning sensors are replaced by inductive dig-

ital sensors, which are more robust against pollution. In the SA

model, this changes the component type of the component in-

stances for the crane sensors. With respect to safety, new five basic

events are replaced by previous ones which correspond to added

and deleted sensors in the crane respectively in FT1 (same for er-

ror instances). FT2 remains unchanged. 

SC4b—increase reliability of crane positioning. As a variant of

SC4 with redundancy being introduced, the new inductive sensors

are added but the existing tactile sensors remain (being spatially

shifted). In the SA model, this scenario leads to the addition of

five sensors as subcomponents of the crane (component instances

with existing component type). With respect to safety, five error

instances (existing type) are added to the failure model for the

new sensors. In FT1, new basic events are added for the sensor

errors. Five AND gates ( G 3–7 in Fig. 5 (b)) are added, each having

two basic events as input and leading to the already-existing OR

gate ( G 8). Note that the following scenarios are not based on this

one but on SC4. 

SC7—additional white WPs. In order to support newly introduced

white WPs, a new optical digital sensor is added to the stack.

White WPs are stamped. In the SA model, the new sensor is added

as a new component instance of the stack, including a new type

for the optical digital sensor. The controller logics of the stack is

changed to incorporate the kind of WPs. With respect to safety,

a new error instance (existing error type) is introduced for the

new sensor. A basic event for the sensor error is added to FT2 as

input to an existing intermediate event as output of an existing

OR gate. 
SC8—different pressure profiles. This scenario introduces two ad-

itional components to the stamp, in order to support stamping

ith different pressure profiles: a proportional valve and an ana-

ogue pressure sensor. White WPs are stamped with less pressure

han metallic WPs. Changes to the SA model are the addition of

ubcomponent instances (proportional valve and analogue pres-

ure sensor) to the stamp (including types) and changes to the

tamp’s controller logic (software). In the failure model, new error

nstances are added for the stamp’s controller (existing error type),

s well as for errors of the valve (new error type for actuator er-

ors) and the sensor (existing error type). A new failure instance

existing type) is added for the event that too much pressure is

ut to white WPs. In FT2, four new basic events are added: two

or sensor errors (the stack’s WP sensor and the stamp’s pressure

ensor), and others for errors in the valve and the stamp’s con-

roller logic. These new basic events lead to a new intermediate

vent (referring to the created failure instance) via a new OR gate.

SC9—installation of sorter. A conveyor is added to the PPU, which

ses a belt to transport WPs to the slide—now located at the end

f the belt. Conveyor and slide are now referred to as the sorter.

hanges to the SA model are the creation of a new top-level com-

onent for the sorter, including the conveyor and the slide—which

reviously was a top-level component—as subcomponents. With

espect to safety, an error type for the belt material corruption

nd two corresponding error instances for the belt to become slack

r time-worn, respectively, are added. One failure instance along

ith a new failure type for speed failures of the belt is added: belt

oo fast. Basic events for each new error instance, an intermediate

vent for the new failure instance, and two OR gates ( G 1, G 12) are

dded to FT1. 

SC10—additional slides and pushers. Two additional slides are

dded to the sorter at both sides of the conveyor’s belt to in-

rease the PPU’s output storage capacity. Pushers are pushing the

Ps into the slides. Two optical digital sensors are used to de-

ect WPs. The SA model is changed by adding two additional slides,

he two pushers, and the two sensors as subcomponent instances

new type for the pushers) of the sorter component. With respect
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o safety, two error instances of existing type (external cause for

xceeded slide capacity, sensor error for WP detection), and a fail-

re instance of existing type (timing failure for the pushers) are

dded for both slides. Also for both slides, FT1 is extended by two

ntermediate events referring to the new failure instances, as a re-

ult of two OR-connected (new Gates G 9, G 10) occurrences of the

asic events. 

SC11—specific order of work pieces. To sort the WPs in a spe-

ific order, two inductive sensors are installed at the slides on both

ides of the belt to detect the kind of work pieces. In this case,

he software orders white, metal, and black WPs, respectively. The

A model is changed by adding two inductive sensors to the sorter

omponent. With respect to safety, the addition of the new sensors

eads to the creation of four basic events with new error instances.

hese basic events lead to a new intermediate event together with

ependent three basic events regarding the belt. This eventually

auses a creation of a failure instance associated to a new interme-

iate event. Finally an OR gate (G14) is added to operate the given

asic events as an output of the above intermediate event. The SA

nd FT changes for this and the following scenarios are included in

igs. A.14 and A.15 . 

SC13—potentiometer at the crane. The crane’s five inducti ve dig-

tal positioning sensors are replaced by a single potentiometer to

ncrease the accuracy and to avoid spending cables and terminal

locks. In the SA model, the five component instances for the po-

itioning sensors are removed and the potentiometer is added as a

ew component instance (along with an introduction of the type).

ith respect to safety, the error instances, basic events, and the

ate for the removed sensors (FT1) are removed. For the poten-

iometer, a new error instance (existing type) is added to the fail-

re model. To FT1, a corresponding basic event is added as replace-

ent for the OR gate G 8 and the connected basic events. 

SC14—incremental encoder at the crane. The crane’s potentiome-

er is replaced by an incremental encoder to increase the resistance

o electromagnetic influences. Changes to the SA model are the

ddition of the new component type for the incremental encoder

nd its use for the positioning sensor (potentiometer introduced in

C13). With respect to safety, the basic event and error instance

orresponding to the incremental encoder is replaced by the new

asic event and error instance corresponding to the potentiometer

n FT1. 

eferences 

dler, R. , Förster, M. , Trapp, M. , 2007. Determining configuration probabilities of

safety-critical adaptive systems. In: Proceedings of the Twenty-First Interna-
tional Conference on Advanced Information Networking and Applications (AINA

2007). IEEE Computer Society, pp. 548–555 . 
mari, S., Dill, G., Howald, E., 2003. A new approach to solve dynamic fault trees.

Proceedings of the 2003 Annual Reliability and Maintainability Symposium, pp.
374–379. 

rendt, T. , Biermann, E. , Jurack, S. , Krause, C. , Taentzer, G. , 2010. Henshin: advanced

concepts and tools for in-place EMF model transformations. In: Proceedings of
the Thirteenth International Conference on Model Driven Engineering on Lan-

guages and Systems, MODELS 2010, Part I, pp. 121–135 . 
vižienis, A. , Laprie, J.C. , Randell, B. , Landwehr, C.E. , 2004. Basic concepts and taxon-

omy of dependable and secure computing. IEEE Trans. Dependable Secur. Com-
put. 1 (1), 11–33 . 

yav, T. , Sözer, H. , 2016. Identifying critical architectural components with spectral

analysis of fault trees. Appl. Soft Comput. 49, 1270–1282 . 
echta-Dugan, J. , Bavuso, S. , Boyd, M. , 1992. Dynamic fault-tree models for fault-tol-

erant computer systems. IEEE Trans. Reliab. 41 (3), 363–377 . September. 
ergmann, G. , Ráth, I. , Varró, G. , Varró, D. , 2012. Change-driven model transforma-

tions. Softw. Syst. Model. 11 (3), 431–461 . 
ondavalli, A. , Majzik, I. , Mura, I. , 1999. Automated dependability analysis of UML

designs. In: Proceedings of the 1999 IEEE International Symposium on Objec-
t-Oriented Real-time distributed Computing, 2 . 

oulanger, J. L., Van Quang, D., 2008. Experiences from a Model-Based Methodology

for Embedded Electronic Software in Automobile. April. 1–6, https://ieeexplore.
ieee.org/document/4530259/ . 

ozzano, M. , Cimatti, A. , Katoen, J.P. , Nguyen, V.Y. , Noll, T. , Roveri, M. , 2009. The
compass approach: correctness, modelling and performability of aerospace sys-

tems. In: Buth, B., Rabe, G., Seyfarth, T. (Eds.), Proceedings of the Eighth In-
ternational Conference on Computer Safety, Reliability, and Security, SAFECOMP
2009. In: LNCS, 5775. Springer, pp. 173–186 . 

ozzano, M. , Cimatti, A. , Katoen, J.P. , Nguyen, V.Y. , Noll, T. , Roveri, M. , 2011. Safety,
dependability and performance analysis of extended AADL models. Comput. J.

54 (5), 754–775 . 
rambilla, M. , Cabot, J. , Wimmer, M. , 2012. Model-driven software engineering in

practice. Synthesis Lectures on Software Engineering. Morgan & Claypool . 
retschneider, M. , Holberg, H.J. , Bode, E. , Bruckner, I. , 2004. Model-based safety

analysis of a flap control system. In: Proceedings of the Fourteenth Annual IN-

COSE Symposium . 
ENELEC EN 50126,128,129, 20 0 0. CENELEC (European Committee for Electro-

Technical Standardisation): Railway Applications – The Specification and
Demonstration of Reliability, Availability, Maintainability and Safety, Railway

Applications – Software for railway Control and Protection Systems, Brussels,
http://www.era.europa.eu/core-activities/ertms/pages/mandatory-en-std.aspx . 

icchetti, A. , Ruscio, D.D. , Eramo, R. , Pierantonio, A. , 2010. JTL: a bidirectional and

change propagating transformation language. In: Proceedings of the Third In-
ternational Conference on Software Language Engineering, SLE 2010. In: Lecture

Notes in Computer Science, 6563. Springer, pp. 183–202 . 
ichocki, T. , Górski, J. , 20 0 0. Failure mode and effect analysis for safety-critical sys-

tems with software components. In: Koornneef, F., van der Meulen, M. (Eds.),
Proceedings of the Nineteenth International Conference on Computer Safety, Re-

liability and Security, SAFECOMP 20 0 0. In: Lecture Notes in Computer Science,

1943. Springer, pp. 382–394 . 
ichocki, T. , Górski, J. , 2001. Formal support for fault modelling and analysis. In:

Voges, U. (Ed.), Proceedings of the Twentieth International Conference on Com-
puter Safety, Reliability and Security, SAFECOMP 2001. In: Lecture Notes in Com-

puter Science, 2187. Springer, pp. 190–199 . 
avid, P. , Idasiak, V. , Kratz, F. , 2008. Towards a better interaction between de-

sign and dependability analysis: FMEA derived from UML/sysML models. In:

Safety, Reliability and Risk Analysis: Theory, Methods and Applications. ES-
REL 2008 and 17th SRA-EUROPE annual conference. Taylor & Francis Group,

pp. 2259–2266 . Jan. 
ehlinger, J. , Dugan, J.B. , 2008. Analyzing dynamic fault trees derived from mod-

el-based system architectures. Nucl. Eng. Technol. Int. J. Korean Nucl. Soc. 40
(5), 365–374 . 

emuth, A. , Lopez-Herrejon, R.E. , Egyed, A. , 2013. Supporting the co-evolution of

metamodels and constraints through incremental constraint management. In:
Proceedings of the 2013 International Conference on Model Driven Engineering

Languages and Systems. Springer, pp. 287–303 . 
omis, D. , Trapp, M. , 2008. Integrating safety analyses and component-based de-

sign. In: Proceedings of the Twentieth International Conference on Computer
Safety, Reliability and Security, SAFECOMP 2008, pp. 58–71 . 

gyed, A. , Letier, E. , Finkelstein, A. , 2008. Generating and evaluating choices for fix-

ing inconsistencies in UML design models. In: Proceedings of the Twenty-Third
IEEE/ACM International Conference on Automated Software Engineering (ASE

2008). IEEE, pp. 99–108 . 
lmqvist, J. , Nadjm-Tehrani, S. , 2007. Safety-oriented design of component assem-

blies using safety interfaces. In: Proceedings of the 2007 Formal Aspects of
Component Software, pp. 57–72 . 

inkelstein, A. , Gabbay, D. , Hunter, A. , Kramer, J. , Nuseibeh, B. , 1994. Inconsis-
tency handling in multiperspective specifications. IEEE Trans. Softw. Eng. 20 (8),

569–578 . 

anesh, P. , Bechta-Dugan, J. , 2002. Automatic synthesis of dynamic fault trees from
UML systemmodels. In: Proceedings of the Thirteenth International Symposium

on Software Reliability Engineering (ISSRE) . 
. Getir, L. Grunske, A. van Hoorn, T. Kehrer,Y. Noller, and M. Tichy, (2018), Support-

ing Semi-Automatic Co-Evolution of Architecture and Fault Tree Models, Mende-
ley Data, v1, https://data.mendeley.com/datasets/6kkh54xbpj/1 . 

etir, S. , Grunske, L. , Bernasko, C.K. , Käfer, V. , Sanwald, T. , Tichy, M. , 2015. Cowolf –

a generic framework for multi-view co-evolution and evaluation of models. In:
Proceedings of the Eighth International Conference on Theory and Practice of

Model Transformations, ICMT 2015, Held as Part of STAF 2015, pp. 34–40 . 
etir, S. , van Hoorn, A. , Grunske, L. , Tichy, M. , 2013. Co-evolution of software archi-

tecture and fault tree models: an explorative case study on a pick and place
factory automation system. In: Proceedings of the Fifth International Work-

shop Non-functional Properties in Modeling: Analysis, Languages and Processes

Co-located with Sixteenth International Conference on Model Driven Engineer-
ing Languages and Systems (MODELS 2013 (NIM-ALP 2013), 1074, pp. 32–40 .

CEUR Workshop Proceedings. 
iese, H. , Tichy, M. , 2006. Component-based hazard analysis: optimal designs, prod-

uct lines, and online-reconfiguration. In: Proceedings of the SAFECOMP 200. In:
LNCS, 4166. Springer, pp. 156–169 . 

iese, H. , Tichy, M. , Schilling, D. , 2004. Compositional hazard analysis of UML com-

ponent and deployment models. In: Heisel, M., Liggesmeyer, P., Wittmann, S.
(Eds.), Proceedings of the Twenty-Third International Conference on Computer

Safety, Reliability, and Security, SAFECOMP 2004. In: LNCS, 3219. Springer,
pp. 166–179 . 

oltz, U. , Reussner, R.H. , Goedicke, M. , Hasselbring, W. , Märtin, L. , Vogel-Heuser, B. ,
2015. Design for future: managed software evolution. Comput. Sci.-Res. Dev. 30

(3–4), 321–331 . 

reenyer, J. , Kindler, E. , 2010. Comparing relational model transformation tech-
nologies: implementing query/view/transformation with triple graph grammars.

Softw. Syst. Model. 9 (1), 21–46 . 
runske, L. , 2006. Towards an integration of standard component-based safety eval-

uation techniques with save CCM. In: Hofmeister, C., Crnkovic, I., Reussner, R.

http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0001
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0001
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0001
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0001
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0002
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0002
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0002
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0002
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0002
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0002
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0003
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0003
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0003
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0003
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0003
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0004
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0004
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0004
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0005
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0005
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0005
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0005
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0005
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0006
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0006
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0006
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0006
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0006
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0007
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0007
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0007
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0007
https://ieeexplore.ieee.org/document/4530259/
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0008
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0008
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0008
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0008
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0008
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0008
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0008
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0008
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0009
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0009
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0009
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0009
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0009
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0009
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0009
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0010
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0010
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0010
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0010
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0011
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0011
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0011
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0011
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0011
http://www.era.europa.eu/core-activities/ertms/pages/mandatory-en-std.aspx
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0012
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0012
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0012
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0012
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0012
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0013
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0013
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0013
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0014
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0014
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0014
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0015
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0015
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0015
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0015
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0015
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0016
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0016
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0016
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0017
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0017
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0017
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0017
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0018
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0018
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0018
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0019
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0019
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0019
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0019
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0020
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0020
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0020
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0021
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0021
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0021
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0021
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0021
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0021
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0022
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0022
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0022
https://data.mendeley.com/datasets/6kkh54xbpj/1
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0023
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0023
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0023
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0023
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0023
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0023
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0023
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0024
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0024
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0024
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0024
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0024
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0024
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0025
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0025
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0025
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0026
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0026
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0026
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0026
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0027
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0027
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0027
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0027
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0027
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0027
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0027
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0028
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0028
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0028
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0029
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0029


134 S. Getir et al. / The Journal of Systems and Software 142 (2018) 115–135 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

M  

 

 

M  

 

 

O  

 

 

P  

 

P  

 

 

P  

 

R  

 

R  

 

 

R  

 

 

 

 

R  

R  

 

 

 

S  

 

S  

S  

S  

 

 

S  

 

T  

 

T  

T  

V  

W  

 

 

 

 

 

 

Y  

 

 

(Eds.), Proceedings of the Second International Conference on Quality of Soft-
ware Architectures, QoSA 2006. In: LNCS, 4214. Springer, pp. 199–213 . 

Grunske, L. , Colvin, R. , Winter, K. , 2007. Probabilistic model-checking support for
FMEA. In: Proceedings of the Fourth International Conference on the Quantita-

tive Evaluaiton of Systems (QEST 2007). IEEE Computer Society, pp. 119–128 . 
Grunske, L. , Han, J. , 2008. A comparative study into architecture-based safety evalu-

ation methodologies using AADL’S Error annex and failure propagation models.
In: Proceedings of the Eleventh IEEE High Assurance Systems Engineering Sym-

posium, HASE 2008. IEEE Computer Society, pp. 283–292 . 

Grunske, L. , Kaiser, B. , 2005. Automatic generation of analyzable failure propagation
models from component-level failure annotations. In: Proceedings of the Fifth

International Conference on Quality Software (QSIC 2005). IEEE, pp. 117–123 . 
Grunske, L. , Kaiser, B. , Papadopoulos, Y. , 2005. Model-driven safety evaluation

with state-event-based component failure annotations. In: Proceedings of the
Eighth International Symposium on Component-Based Software Engineering,

CBSE 2005, pp. 33–48 . 

Güdemann, M. , Ortmeier, F. , 2010. A framework for qualitative and quantitative for-
mal model-based safety analysis. In: Proceedings of the Twelfth IEEE High As-

surance Systems Engineering Symposium, HASE 2010. IEEE Computer Society,
San Jose, CA, USA, pp. 132–141 . November 3–4, 2010. 

Gündemann, M. , Ortmeier, F. , Reif, W. , 2007. Using deductive cause-sequence analy-
sis (DCCA) with SCADE. In: Proceedings of the SAFECOMP 2007. In: LNCS, 4680,

pp. 465–478 . 

Heimdahl, M.P.E. , Choi, Y. , Whalen, M.W. , 2005. Deviation analysis: a new use of
model checking. Autom. Softw. Eng. 12 (3), 321–347 . 

Henshin Trace Metamodel, 2016. http://wiki.eclipse.org/Henshin _ Trace _ Model , last
access: Dec. 

Herrmannsdörfer, M. , Ratiu, D. , Wachsmuth, G. , 2010. Language evolution in prac-
tice: the history of GMF. In: Software Language Engineering. Springer, pp. 3–22 .

IEC61508 , 1998. International Standard IEC 61508. International Electrotechnical

Commission (IEC) . 
ISO26262, 2009. ISO 26262 Road Vehicles and Functional Safety, https://www.iso.

org/obp/ui/#iso:std:iso:26262:- 1:ed- 1:v1:en . 
ISO/IEC, 2001. Software Engineering – Product Quality – Part 4, Quality in Use,

https://www.iso.org/standard/35733.html . 
Joshi, A. , Vestal, S. , Binns, P. , 2007. Automatic generation of static fault trees from

AADL models. In: Proceedings of the DSN Workshop on Architecting Depend-

able Systems. In: Lecture Notes in Computer Science. Springer . 
Jouault, F. , Kurtev, I. , 2006. Transforming models with ATL. In: Bruel, J.M. (Ed.), Pro-

ceedings of the Satellite Events at the MoDELS 2005 Conference. In: LNCS, 3844.
Springer, pp. 128–138 . Revised Selected Papers. 

Kaiser, B. , 2005. State/Event Fault Trees: A Safety and Reliability Analysis Technique
for Software-Controlled Systems. Technische Universität Kaiserslautern, Fach-

bereich Informatik Ph.D. thesis . 

Kaiser, B. , Gramlich, C. , Förster, M. , 2007. State/event fault trees–a safety anal-
ysis model for software-controlled systems. Reliab. Eng. Syst. Saf. 92 (11),

1521–1537 . SAFECOMP 2004, the 23rd International Conference on Computer
Safety, Reliability and Security. 

Kaiser, B. , Liggesmeyer, P. , Mäckel, O. , 2003. A new component concept for fault
trees. In: Proceedings of the Eighth Australian Workshop on Safety Critical Sys-

tems and Software, SCS ’03. Australian Computer Society, Inc, Darlinghurst, Aus-
tralia, pp. 37–46 . 

Kehrer, T. , Kelter, U. , Ohrndorf, M. , Sollbach, T. , 2012. Understanding model evolution

through semantically lifting model differences with SiLift. In: Proceedings of the
Twenty-Eighth IEEE International Conference on Software Maintenance (ICSM).

IEEE, pp. 638–641 . 
Kehrer, T. , Kelter, U. , Pietsch, P. , Schmidt, M. , 2012. Adaptability of model comparison

tools. In: Proceedings of the Twenty-Seventh IEEE/ACM International Conference
on Automated Software Engineering. ACM, pp. 306–309 . 

Kehrer, T. , Kelter, U. , Taentzer, G. , 2011. A rule-based approach to the semantic lift-

ing of model differences in the context of model versioning. In: Proceedings
of the Twenty-Sixth IEEE/ACM International Conference on Automated Software

Engineering. IEEE Computer Society, pp. 163–172 . 
Kehrer, T. , Kelter, U. , Taentzer, G. , 2013. Consistency-preserving edit scripts in model

versioning. In: Proceedings of the Twenty-Eighth IEEE/ACM International Con-
ference on Automated Software Engineering (ASE). IEEE, pp. 191–201 . 

Kehrer, T. , Taentzer, G. , Rindt, M. , Kelter, U. , 2016. Automatically deriving the spec-

ification of model editing operations from meta-models. In: Proceedings of
the Ninth International Conference on Theory and Practice of Model Trans-

formations, ICMT 2016. In: Lecture Notes in Computer Science, 9765. Springer,
pp. 173–188 . 

Kolovos, D.S. , Ruscio, D.D. , Pierantonio, A. , Paige, R.F. , 2009. Different models for
model matching: an analysis of approaches to support model differencing. In:

Proceedings of the ICSE Workshop on Comparison and Versioning of Software

Models, CVSM’09. IEEE, pp. 1–6 . 
Langer, P. , Wimmer, M. , Brosch, P. , Herrmannsdörfer, M. , Seidl, M. , Wieland, K. , Kap-

pel, G. , 2013. A posteriori operation detection in evolving software models. J.
Syst. Softw. 86 (2), 551–566 . 

Legat, C. , Folmer, J. , Vogel-Heuser, B. , 2013. Evolution in industrial plant automation:
a case study. In: Proceedings of the IECON 2013. IEEE, pp. 4386–4391 . 

Lipaczewski, M. , Struck, S. , Ortmeier, F. , 2012. Using tool-supported model based

safety analysis – progress and experiences in SAML development. In: Proceed-
ings of the Fourteenth International IEEE Symposium on High-Assurance Sys-

tems Engineering, HASE 2012. IEEE Computer Society, pp. 159–166 . 
Madari, I. , Angyal, L. , Lengyel, L. , 2009. Traceability-based incremental model syn-

chronization. WSEAS Trans. Comput. 8 (10), 1691–1700 . 
ens, T. , Wermelinger, M. , Ducasse, S. , Demeyer, S. , Hirschfeld, R. , Jazayeri, M. , 2005.
Challenges in software evolution. In: Proceedings of the IWPSE 2005. IEEE Com-

puter Society, pp. 13–22 . 
de Miguel, M.A. , Briones, J.F. , Silva, J.P. , Alonso, A. , 2008. Integration of safety analy-

sis in model-driven software development. Softw. IET 2 (3), 260–280 . June. 
ilovanovic, V. , Milicev, D. , 2015. An interactive tool for UML class model evolution

in database applications. Softw. Syst. Model. 14 (3), 1273–1295 . 
Nentwich, C. , Emmerich, W. , Finkelstein, A. , 2003. Consistency management with

repair actions. In: Proceedings of the Twenty-Fifth International Conference on

Software Engineering 2003. IEEE Computer Society, pp. 455–464 . 
bject Management Group (OMG), 2011. MOF 2.0 QVT Final Adopted Specification

v1.1. OMG Adopted Specification formal/2011-01-01. 
Papadopoulos, Y. , Maruhn, M. , 2001. Model-based automated synthesis of fault trees

from Matlab.Simulink models. In: Proceedings of the 2001 International Confer-
ence on Dependable Systems and Networks . 

apadopoulos, Y. , McDermid, J. , Sasse, R. , Heiner, G. , 2001. Analysis and synthesis

of the behaviour of complex programmable electronic systems in conditions of
failure. Int. J. Reliab. Eng. Syst. Saf. 71 (3), 229–247 . 

apadopoulos, Y. , Parker, D. , Grante, C. , 2004. Automating the failure modes and
effects analysis of safety critical systems. In: Proceedings of the International

Symposium on High-Assurance Systems Engineering (HASE 2004). IEEE Com-
puter Society, pp. 310–311 . 

riesterjahn, C. , Steenken, D. , Tichy, M. , 2013. Timed hazard analysis of self-heal-

ing systems. In: Proceedings of the 2013 ASAS. In: LNCS, 7740. Springer,
pp. 112–151 . 

ae, A. , Lindsay, P. , 2004. A behaviour-based method for fault tree generation.
In: Proceedings of the Twenty-Second International System Safety Conference,

pp. 289–298 . 
ensink, A. , 2004. The GROOVE simulator: a tool for state space generation. In:

Proceedings of the 2004 Applications of Graph Transformations with Indus-

trial Relevance (AGTIVE). In: Lecture Notes in Computer Science, 3062. Springer,
pp. 479–485 . 

indt, M. , Kehrer, T. , Kelter, U. , 2014. Automatic generation of consistency-preserving
edit operations for MDE tools. In: Proceedings of the 2014 CEUR Workshop on

Demonstrations Track of MoDELS 2014, 1255 . 
Rozenberg, G. , 1997. Handbook of Graph Grammars and Computing by Graph Trans-

formation, volume 1: Foundations. World Scientific . 

Rugina, A.E. , Kanoun, K. , Kaâniche, M. , 2007. A system dependability modeling
framework using AADL and GSPNs. In: Proceedings of the 2007 Architecting De-

pendable Systems IV. In: LNCS, 4615. Springer, pp. 14–38 . 
uhroth, T. , Wehrheim, H. , 2012. Model evolution and refinement. Sci. Comput. Pro-

gram. 77 (3), 270–289 . 
uscio, D.D. , Iovino, L. , Pierantonio, A. , 2011. What is needed for managing co-evo-

lution in MDE? In: Proceedings of the IWMCP 2011. ACM, pp. 30–38 . 

Schürr, A. , 1994. Specification of graph translators with triple graph grammars. In:
Proceedings of the Twentieth International Workshop on Graph-Theoretic Con-

cepts in Computer Science. In: Lecture Notes in Computer Science (LNCS), 903.
Springer Verlag, pp. 151–163 . 

chürr, A . , Rensink, A . , 2014. Software and systems modeling with graph transfor-
mations theme issue of the journal on software and systems modeling. Softw.

Syst. Model. 13 (1), 171–172 . 
hani, G. , Gunawardana, A. , 2011. Evaluating recommendation systems. In: Recom-

mender Systems Handbook. Springer, pp. 257–297 . 

teinberg, D. , Budinsky, F. , Paternostro, M. , Merks, E. , 2009. EMF: Eclipse Modeling
Framework, second ed. Addison-Wesley . 

trüber, D. , Born, K. , Gill, K.D. , Groner, R. , Kehrer, T. , Ohrndorf, M. , Tichy, M. , 2017.
Henshin: a usability-focused framework for EMF model transformation devel-

opment. In: Proceedings of the 2017 International Conference on Graph Trans-
formation. Springer, pp. 196–208 . 

zabo, G. , Ternai, G. , 2009. Automatic fault tree generation as a support for safety

studies of railway interlocking systems. In: Proceedings of the IFAC Symposium
on Control in Transportation Systems . 

aentzer, G. , Mantz, F. , Lamo, Y. , 2012. Co-transformation of graphs and type graphs
with application to model co-evolution. In: Proceedings of the ICGT 2012,

pp. 326–340 . 
aylor, R.N. , Medvidovic, N. , Dashofy, E.M. , 2009. Software Architecture: Founda-

tions, Theory and Practice. John Wiley & Sons, Inc . 

ratt, L. , 2008. A change propagating model transformation language. J. Object Tech-
nol. 7 (3), 107–124 . 

esely, W.E. , Goldberg, F.F. , Roberts, N.H. , Haasl, D.F. , 1981. Fault tree handbook.
Technical report, NUREG–0492. U.S. Nuclear Regulatory Commission . 

enzel, S. , 2008. Scalable visualization of model differences. In: Proceedings of the
2008 International Workshop on Comparison and Versioning of Software Mod-

els. ACM, pp. 41–46 . 

Wimmer, M. , Moreno, N. , Vallecillo, A. , 2012. Viewpoint co-evolution through
coarse-grained changes and coupled transformations. In: Proceedings of the In-

ternational Conference on Modelling Techniques and Tools for Computer Perfor-
mance Evaluation. Springer, pp. 336–352 . 

Wohlin, C. , Runeson, P. , Höst, M. , Ohlsson, M.C. , Regnell, B. , Wesslén, A. , 20 0 0. Ex-
perimentation in Software Engineering: An Introduction. Kluwer Academic Pub-

lishers, Norwell, USA . 

azdi, H.S. , Pietsch, P. , Kehrer, T. , Kelter, U. , 2013. Statistical analysis of changes for
synthesizing realistic test models. In: Software Engineering. Gesellschaft für In-

formatik, pp. 225–238 . 
Yazdi, H.S. , Pietsch, P. , Kehrer, T. , Kelter, U. , 2014. Synthesizing realistic test models.

In: Computer Science-Research and Development. Springer, pp. 1–23 . 

http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0029
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0030
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0030
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0030
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0030
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0031
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0031
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0031
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0032
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0032
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0032
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0033
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0033
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0033
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0033
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0034
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0034
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0034
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0034
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0035
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0035
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0035
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0035
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0036
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0036
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0036
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0036
http://wiki.eclipse.org/Henshin_Trace_Model
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0037
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0037
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0037
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0037
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0038
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0038
https://www.iso.org/obp/ui/#iso:std:iso:26262:-1:ed-1:v1:en
https://www.iso.org/standard/35733.html
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0039
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0039
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0039
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0039
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0040
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0040
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0040
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0040
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0041
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0041
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0042
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0042
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0042
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0042
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0042
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0043
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0043
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0043
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0043
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0044
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0044
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0044
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0044
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0044
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0045
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0045
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0045
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0045
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0045
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0046
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0046
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0046
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0046
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0047
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0047
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0047
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0047
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0048
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0048
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0048
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0048
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0048
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0049
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0049
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0049
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0049
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0049
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0050
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0050
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0050
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0050
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0050
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0050
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0050
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0050
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0051
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0051
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0051
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0051
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0052
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0052
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0052
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0052
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0053
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0053
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0053
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0053
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0054
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0054
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0054
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0054
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0054
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0054
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0054
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0055
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0055
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0055
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0055
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0055
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0055
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0056
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0056
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0056
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0057
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0057
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0057
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0057
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0058
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0058
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0058
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0059
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0059
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0059
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0059
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0059
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0060
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0060
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0060
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0060
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0061
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0061
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0061
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0061
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0062
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0062
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0062
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0063
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0063
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0064
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0064
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0064
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0064
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0065
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0065
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0066
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0066
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0066
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0066
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0067
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0067
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0067
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0068
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0068
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0068
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0068
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0069
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0069
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0070
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0070
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0070
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0071
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0071
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0071
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0072
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0072
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0072
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0072
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0072
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0073
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0073
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0073
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0073
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0073
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0073
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0073
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0073
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0074
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0074
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0074
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0075
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0075
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0075
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0075
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0076
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0076
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0076
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0076
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0077
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0077
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0078
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0078
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0078
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0078
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0078
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0079
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0079
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0080
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0080
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0080
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0080
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0081
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0081
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0081
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0081
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0081
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0081
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0081
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0082
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0082
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0082
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0082
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0082
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0083
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0083
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0083
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0083
http://refhub.elsevier.com/S0164-1212(18)30065-7/sbref0083


S. Getir et al. / The Journal of Systems and Software 142 (2018) 115–135 135 

S as research interests lie in the field of software engineering upon the reliable software 
s of quality assurance of evolving software systems. 

L boldt University Berlin, Germany. He has active research interests in the areas modelling 

a ainly probabilistic and timed model checking and model-based dependability evaluation 
o

A e University of Stuttgart, Germany. His research interests are in the area of architecture- 

b he is interested in application performance monitoring, modelling, and management, as 
w lution. 

T artment of Computer Science at Humboldt-University of Berlin, Germany. He has active 

r t with a particular focus on model evolution. 

Y search interests includes automated software verification, probabilistic software analysis 
a

M  Programming Languages at University of Ulm, Germany. His main research focus is on 

d tions as underlying formal basis in many of these research activities. Furthermore, he 
e ell as to evaluate technical contributions. 
inem Getir is a doctoral student at Humboldt University Berlin, Germany. She h
ystems, probabilistic and incremental verification, model driven development and 

ars Grunske is currently Professor at the Department of Computer Science at Hum

nd verification of systems and software. His main focus is on automated analysis, m
f complex software intensive systems. 

ndré van Hoorn is a member of the Reliable Software Systems (RSS) group at th

ased software performance engineering and software reengineering. Particularly, 
ell as dynamic/hybrid analysis of legacy systems for architecture recovery and evo

imo Kehrer is heading the Model-Driven Software Engineering Group at the Dep

esearch interests in various areas of model-based software and system developmen

annic Noller is a doctoral student at Humboldt University Berlin, Germany. His re
nd software architecture. He has a M.Sc. degree from the University of Stuttgart. 

atthias Tichy is currently Professor at the Institute of Software Engineering and

omain specific languages, particularly for mechatronic systems, graph transforma
mploys empirical research methods to understand how humans use software as w


	Supporting semi-automatic co-evolution of architecture and fault tree models
	1 Introduction
	2 Related work
	3 Background
	3.1 Modeling languages
	3.1.1 Architectural modeling
	3.1.2 Failure model and fault trees
	3.1.3 Modeling of SA/FT interrelations

	3.2 Henshin model transformations

	4 Case study on architecture and fault tree co-evolution
	4.1 Evolution scenarios
	4.1.1 Initial scenario (SC0)
	4.1.2 Evolution scenarios (SC2-SC14)

	4.2 Lessons learned from the case study
	4.2.1 Correlation analysis
	4.2.2 Mining analysis
	4.2.3 Results and discussion


	5 Supporting co-evolution
	5.1 Intra-model transformations
	5.2 Inter-model transformations
	5.3 Running example showing evolution actions

	6 Evaluation
	6.1 Research methodology
	6.2 Study design
	6.3 Measures
	6.3.1 Completeness
	6.3.2 Task efficiency

	6.4 Results
	6.5 Threats to validity

	7 Conclusion
	Appendix A Detailed description of PPU evolution scenarios
	 References


