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a b s t r a c t

Model based system engineering (MBSE) is a systematic approach of modeling which is frequently used to

support requirement specification, design, verification and validation activities of system development. How-

ever, it is difficult to customize MBSE approach for the development of embedded systems due to their diverse

behavioral aspects. Furthermore, appropriate tools selection to perform particular MBSE activities is always

challenging. This paper focuses on the identification and classification of recent research practices pertaining

to embedded systems development through MBSE approach. Consequently, a comprehensive analysis of var-

ious MBSE tools has been presented. Systematic literature review (SLR) has been used to identify 61 research

practices published during 2008–2014. The identified researches have been classified into six different cat-

egories to analyze various aspects of MBSE approach for embedded systems. Consequently, 39 preliminary

tools are identified that have been used in recent researches. Furthermore, classification and evaluation of

tools have been presented. This research highlights important trends and approaches of MBSE to support de-

velopment of embedded systems. A comprehensive investigation of tools in this article facilitates researchers,

practitioners and developers to select appropriate tools according to their requirements.

© 2015 Elsevier Inc. All rights reserved.
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1. Introduction

Model based system engineering (MBSE) is a well-known ap-

proach for the development of complex systems. It has features

to reduce development complexity, enhanced productivity, efficient

change management and improved time-to-market. Therefore, it has

been frequently researched and customized for the development

of embedded systems (Andrade et al., 2009; Quadri et al., 2012;

Moreira et al., 2010; Vidal et al., 2009; Herrera et al., 2014; Lecomte

et al., 2011; Rafiq Quadri et al., 2012). The major MBSE activities for

the development of embedded systems are shown in Fig. 1.

Modeling structural and temporal aspects of embedded systems

is foremost activity. All other MBSE tasks (i.e. model transforma-

tion, verification and validation) are based on the models develop-

ment methodology. Therefore, models are developed by taking into

consideration the model transformation, verification and simulation

requirements. For example, one of the major challenge is to model

behavioral/temporal aspects of complex embedded systems for
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urther verification and validation (Quadri et al., 2012; Rota Sena

arques et al., 2014).

UML (unified modeling language) and its SYSML (systems model-

ng language)/MARTE (modeling and analysis of real-time embedded

ystems) profiles are frequently used in contemporary research prac-

ices (Giuseppe Di et al., 2013; George-Dimitrios et al., 2014; Berrani

t al., 2013; Sakairi et al., 2012; Stancescu et al., 2010; Anargyros et al.,

014; Ouchani et al., 2013; Bouquet et al., 2012; DeTommasi et al.,

013; Gomez et al., 2012; Andrade et al., 2009; Quadri et al., 2012;

azydlo et al., 2014; Doligalski and Adamski, 2013; Mueller et al.,

010; Durand and Bonato, 2012; Wood et al., 2008; Moreira et al.,

010; Vidal et al., 2009; Linehan and Clarke, 2012) to specify embed-

ed systems requirements. Furthermore, different properties specifi-

ation techniques/languages have been proposed by researchers (Yin

t al., 2013; Mallet, 2012; Knorreck and Apvrille, 2011; Ge et al., 2012;

ehjati et al., 2011) to model behavioral/temporal aspects. Once re-

uirements are modeled, different model transformation techniques

ave been applied to develop platform specific model and/or source

ode generation. Two types of transformations are commonly used

.e. model-to-model (M2M) transformation (George-Dimitrios et al.,

014; Berrani et al., 2013) and model-to-text (M2T) transformation

Wood et al., 2008; Moreira et al., 2010).
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Fig. 1. Major MBSE activities for embedded systems.
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The verification is performed to ensure the correctness of the

odel/system and it is tightly coupled with the modeling technique

sed to specify behavioral/temporal aspects. Various formal verifica-

ion techniques (Launiainen et al., 2010; Zhang et al., 2009; Uchevler

nd Svarstad, 2013) have been used to verify the behavioral/temporal

spects of the system. If the model does not satisfy the verification re-

uirements, then corrections have been made in the model as shown

n Fig. 1. The validation of the model/system has been performed

hrough simulation.

Although, researchers put a lot of efforts in the field of MBSE for

mbedded systems, it is still a challenging area due to the diversity

f behavioral/temporal characteristics of embedded systems. It is

lways difficult to select appropriate modeling techniques and UML

rofiles to model embedded systems requirements. Moreover, there

s a considerable dependency among different MBSE activities (i.e.

odeling, model transformation, verification and simulation) that

equire sufficient knowledge of all the phases for the development

f embedded systems. Similarly, there are separate toolsets for

ach MBSE activity and selection of appropriate tools for embedded

ystem development is always problematic for researchers and

ractitioners.

Keeping in view the current state of affair, the objective of this sys-

ematic literature review (SLR) is to identify the latest research prac-

ices where MBSE approach has been used for the development of

mbedded systems. The identified researches are classified into six

ategories depending upon their relevance with corresponding MBSE

ctivity. Furthermore, various tools have also been identified to per-

orm modeling, model transformation, verification and validation ac-

ivities for embedded systems development. Consequently, following

esearch questions have been developed for this SLR:

Research question 1: What important researches have been re-

orted from 2008 to 2014 where MBSE approach has been utilized to

upport the development of embedded systems?

Research question 2: Which of the UML and its SYSML/MARTE

rofiles are more frequently utilized to model embedded system re-

uirements during 2008–2014 researches?
Research question 3: Which of the model-to-model and model-

o-text transformation approaches are more frequently utilized dur-

ng 2008–2014 researches?

Research question 4: What are the significant tools for require-

ent specifications, model transformation, verification and simu-

ation (validation) activities in the context of MBSE for embedded

ystems?

The answers of all research questions are given in Section 5. Re-

iew protocol, that incorporates selection and rejection criterion, has

een developed to perform this SLR. We have defined six categories

Section 2.1) for the selected researches in order to get the answers

f our research questions. Complete overview of this research work

s presented in Fig. 2.

A review protocol is developed (Section 2.2) that contains the se-

ection and rejection criterion (Section 2.2.1). As shown in Fig. 2, four

cientific databases are selected for search process (Section 2.2.2) and

ix categories are defined (Section 2.1) to classify the 61 selected

esearches. Similarly, data extraction elements (Section 2.2.4) are

efined to perform comprehensive analysis and synthesis of the

elected researches. Consequently, the major findings of SLR have

een summarized in Section 3. On the basis of SLR, we preliminary

dentified 39 tools (Section 3.3), those have been used in the se-

ected researches, to perform particular MBSE activities. In Section

, various tools characteristics (Section 4.2) are defined for further

valuation. The characteristics-based evaluation eliminated few pre-

iminary MBSE tools lacking certain common characteristics and in-

luded some additional tools those have been missed during the SLR.

onsequently, 28 MBSE tools in five different categories (Section 4.3)

re presented as shown in Fig. 2. Results in Sections 3 and 4 provided

he answers of research questions and are discussed in Section 5. Fur-

her important aspects and certain limitations of the research are dis-

ussed in Section 6. Finally, Section 7 concludes the article.

. Research methodology

Systematic literature review (Kitchenham, 2004) has been used

o carry out this research. It is a proper and replicate process to

ocument pertinent details on precise research area for reviewing

nd investigating all existing research related to research questions.

onsequently, this research incorporates five stages: 1) categories

efinition, 2) review protocol development, 3) selection and rejection

riterion, 4) search process, 4) quality assessment, 5) data extraction

nd synthesis.

.1. Categories definition

We have defined six categories in order to organize the selected

esearches. This categorization significantly improves the accuracy of

he answers of our research questions. The details of categories are

iven below:

.1.1. General category

There might be a number of researches where complete solu-

ion covering all MBSE activities (i.e. modeling, model transforma-

ion, verification and simulation) is proposed for embedded systems.

oreover, there might be a number of researches covering all MBSE

ctivities but do not particularly intended for embedded systems,

owever, these researches have great potential to be used for embed-

ed systems. Furthermore, some researches might cover more than

ne MBSE activities simultaneously (e.g. modeling, model transfor-

ation or model transformation, verification etc.). All aforesaid re-

earches will be included in the general category.

.1.2. Modeling category

Requirements specification is the foremost activity. Therefore, all

roposed categories may contain some information about the model
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Fig. 2. Overview of research.
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development methodology. UML and its SYSML/MARTE profiles are

normally used individually as well as collectively to specify em-

bedded systems requirements. However, there might be a number

of researches particularly intended to propose/investigate modeling

methodologies by using UML and its SYSML/MARTE profiles. Such re-

searches will not provide any significant proposal regarding any other

MBSE activities (i.e. model transformation, verification and valida-

tion). All such researches will be included in the modeling category.

2.1.3. Property specification category

It is an important activity to specify behavioral/temporal

aspects of embedded systems through property specification

techniques/languages. The researches may propose novel approaches

to specify behavioral/temporal aspects and constraints of embedded

systems. All such researches will be included in the property specifi-

cation category.

2.1.4. Model transformation category

Model transformation is an important MBSE activity. There are lat-

est research works pertaining to either model-to-model or model-to-

text transformation techniques or both of these. There might also be

some research works to ensure the correctness of model transforma-

tion. All such researches will be included in the model transformation

category.

2.1.5. Model verification category

There might be a number of researches pertaining to formal and

informal model verification techniques to ensure the correctness

of the model. Normally, behavioral/temporal aspects of the model
ave been verified through formal verification methods. All such re-

earches will be included in the model verification category.

.1.6. Simulation category

The simulation is normally used for system validation by utilizing

he generated source code. There might be a number of researches

hat integrate available simulation tools. However, there might also

e few researches where new simulation mechanism has been pro-

osed. Similarly, there is a possibility of some research works, where

articular simulation aspects are also included in the model to ensure

he accuracy of simulation. All such researches will be included in the

imulation category.

It is worth-mentioning here that the general category will contain

number of researches where solutions are either provided for all

BSE activities or at least two MBSE activities simultaneously. On

he other hand, the researches particularly targeted for any one of

he MBSE activity (i.e. modeling, model transformation, verification

nd simulation) will be included in their corresponding defined

ategories.

.2. Review protocol development

Once the categories are defined, we develop review protocol for

ur research on the basis of predefined SLR standards (Kitchenham,

004). Consequently, the developed protocol defines the background,

esearch questions, selection and rejection criterion, search process,

uality assessment, data extraction and synthesis of the extracted

ata. Background and research questions are already described in the

ntroductory part of this article (Section 1). The other details of re-

iew protocol are given in subsequent sections.
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Table 1

Details of search terms with operators and search results.

Sr. no. Search term Operator No. of search results

IEEE SPRINGER ELSEVIER ACM

1. MBSE N-A 67 2 150 119

2. MDA N-A 797 3327 7313 3520

3. MDE N-A 355 256 2581 1990

4. SYSML N-A 274 11 373 790

5. UML N-A 2564 377 5645 3796

6. MARTE N-A 199 80 1470 176

7. Model transformation AND 710 89 1254 787

8. Model verification AND 302 122 3074 146

9. Formal verification AND 4941 110 1005 1297

10. Model simulation AND 980 1610 18790 272

11. Model embedded System OR 10659 19480 2403 21605

AND 1 0 4 2

12. MARTE SYSML OR 18 0 21 43

AND 1 0 0 2

13. SYSML UML OR 82 7 148 141

AND 3 0 15 19

14. MDA embedded systems OR 42 689 4516 246

AND 0 0 0 0

15. Property specification OR 1948 5794 1477 1853

AND 66 13 319 111

16. Model to text transformation OR 135 5839 36 929

AND 7 4 74 57

17. Model to model transformation OR 8790 23686 9144 17658

AND 20 9 120 101

18. Model verifier OR 175 248 101 154

AND 16 2 24 25

19. Model code generation OR 2667 16307 860 2162

AND 0 0 6 7

20. Embedded system simulation OR 5610 3457 975 1680

AND 6 0 6 5
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.2.1. Selection and rejection criterion

We define concrete criterion for the selection and rejection of re-

earch works. Six parameters are defined to ensure the correctness

f the answers of our research questions. The research work will be

elected on the basis of these parameters as given below:

1. Subject-relevant: Select the research work only if it is relevant to

our research context. It must support the answers of our research

questions and must be relevant to one of the six predefined cate-

gories (Section 2.1). Reject irrelevant researches those do not be-

long to any of the six predefined categories.

2. 2008–2014: Selected research work must be published from 2008

to 2014. Reject all researches those are published before 2008 to

ensure the inclusion of latest research works.

3. Publisher: Selected research work must be published in one of

the four renowned scientific databases i.e. IEEE (IEEE Scientific

Database, 2014), SPRINGER (Springer, 2014), ELSEVIER (Elsevier,

2014) and ACM (ACM, 2014).

4. Crucial-effects: Selected research work must have crucial positive

effects regarding embedded system development through MBSE

approach. Reject the research work if its proposal does not have

significant consequences on embedded system development.

5. Results-oriented: Selected research work must be results-

oriented. The proposal and ultimate outcomes of the research

must be supported by solid facts and experimentation. Reject the

research work if its proposal is verified through weak validation

method.

6. Repetition: All the researches in a particular research context can-

not be included. Consequently, reject researches that are identical

in the given research context and only one of them is selected.

.2.2. Search process

Selection and rejection criterion, presented in Section 2.2.1, shows

hat we have selected four scientific databases (i.e. IEEE, ELSEVIER,

PRINGER and ACM) in order to carry out this SLR. These scientific
atabases contain high impact journals and conference proceedings.

n addition, we have also studied relevant books, white papers and

echnical reports to support our study/investigation. To accomplish

earch process, we use different search terms like MBSE, model trans-

ormation, model verifier etc. The search terms along with the results

or each scientific database are summarized in Table 1.

We use “2008–2014” filter for all the search terms to only get the

esearches published during 2008–2014. Some search terms com-

rise of a single word (e.g. MBSE). Consequently, the use of AND/OR

perator is not applicable (shown as N-A in Table 1). The search

esults obtained through the AND operator do not guarantee the rel-

vance of our research context. Therefore, we also use the OR op-

rator to attain potential search results required for our research.

owever, using the OR operator provide thousands of search results

o it is not possible to scan all the results. Consequently, we also use

dvance search options (e.g. “where abstract contained”, “where title

ontained” etc.) provided by these scientific databases in order to get

recise results. Similarly, after investigating the primarily search re-

ults, we further use more specific search terms to get desired search

esults. For example, we use “CCSL” to get the desired search re-

ults for properties specification techniques in models. The relevant

creenshots pertaining to Table 1 can be viewed at (MODEVES Project

001). The steps performed during the search process are depicted in

ig. 3.

1. We specify various search terms in four scientific databases and

analyze approximately 8862 search results as per selection and

rejection criterion.

2. We discard 5290 researches by reading their Title as per selection

and rejection criterion.

3. We discard 2176 researches by reading their Abstract as per selec-

tion and rejection criterion.

4. We perform general study of 1396 researches by reading different

relevant sections of each research. On basis of our general study,
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Table 2

Details of data extraction and synthesis.

Sr. no. Description Details

1. Bibliographic information Title, author, publication year, publisher details and type of research (i.e. journal or conference publication)

Extraction of data

2. Overview The basic proposal and objective of selected research

3. Results Results acquired from the selected research

4. Data collection Quantitative or qualitative

5. Assumptions Assumptions (if any) to validate the results

6. Validation Validation method used to validate its proposal

Synthesis of data

7. Classification Relevance to one of the predefined categories (Table 3)

8. Profiles utilization UML and its SYSML/MARTE profiles used (Table 4)

9. Transformation Type of transformation used (M2M, M2T or both) (Table 5)

10. Identification of tools Tools used to perform particular MBSE activity (Table 6)

Fig. 3. Search process.
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we discard 984 researches those do not meet selection and re-

jection criterion. We select remaining 412 relevant researches for

detailed study.

5. We perform detailed study of 412 researches and discard 351 re-

searches.

6. We select 61 researches fully compliance with our pre-defined se-

lection and rejection criterion.

2.2.3. Quality assessment

We have developed the quality criterion to understand the im-

portant outcomes of selected researches. The developed criterion
lso defines the credibility of each selected research and its decisive

ndings:

(1) The data appraisal of the research is based on the concrete facts

and theoretical perceptive without any vague statements.

(2) The validation of research has been performed through proper

validation methods e.g. case study etc.

(3) The research provides information about the tools used in it to

perform MBSE activities.

(4) As we intend to investigate latest MBSE tools and trends, the

objective is to include most recent researches as much as pos-

sible. Therefore, we try to include most recent researches as

69% researches are from 2012 to 2014 and overall 87% re-

searches are included from 2010 to 2014 as shown in Fig. 4.

(5) Originality of the research is another important factor. There-

fore, we only include researches that are published in at least

one of the four renowned and globally accepted scientific

databases i.e. IEEE, SPRINGER, ELSEVIER and ACM.

.2.4. Data extraction and synthesis

Data extraction and synthesis, as shown in Table 2, is performed

or selected researches in order to get the answers of our research

uestions.

For data extraction, defined from serial numbers 2 to 6, we ex-

ract important details of each selected research to ensure its com-

liance with the selection and rejection criterion. For data synthesis,

efined from serial numbers 7 to 10, we perform detailed analysis

f each research. For example, all selected researches have been thor-

ughly studied and analyzed in order to assign them to corresponding

ategory. Similarly, each selected research is intensively studied and
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Table 3

Classification results for identified researches.

Sr. no. Category Number of researches Researches identification

1. General 36 Giuseppe Di et al., 2013, George-Dimitrios et al., 2014, Berrani et al., 2013, Stancescu et al., 2010,

Anargyros et al., 2014, Ouchani et al., 2013, Bouquet et al., 2012, DeTommasi et al., 2013, Andrade

et al., 2009, Quadri et al., 2012, Bazydlo et al., 2014, Doligalski and Adamski, 2013, Mueller et al.,

2010, Durand and Bonato, 2012 Wood et al., 2008, Moreira et al., 2010, Vidal et al., 2009, Linehan

and Clarke, 2012, Herrera et al., 2014, Lecomte et al., 2011, Rafiq Quadri et al., 2012, Chen et al.,

2013, Vanderperren et al., 2008, Elhaji et al., 2012, Riccobene and Scandurra, 2012 Zohaib Iqbal

et al., 2013, Chouali and Hammad, 2011, Doering, 2014, Ouchani et al., 2014, Telinski

Wiedermann anger et al., 2013, Knorreck and Apvrille, 2011, Ge et al., 2012, Baresi et al., 2013,

Huang et al., 2012, Nguyen et al., 2014, Bousse et al., 2012

2. Modeling 5 Gomez et al., 2012, Penil et al., 2010, Espinoza et al., 2009, Rota Sena Marques et al., 2014, Behjati

et al., 2011

3. Property specification 2 Yin et al., 2013, Mallet, 2012

4. Model transformation 11 Greenyer and Kindler, 2010, Ko et al., 2013, Gronmo et al., 2009, Feher and Lengyel, 2012, Guerra

et al., 2010, Rose et al., 2012, Ledo et al., 2012, de Lara and Guerra, 2014, Kolahdouz-Rahimi et al.,

2014, Andrea Bollati et al., 2013, Rutle et al., 2012

5. Model verification 5 Mallet et al., 2013, Launiainen et al., 2010, Zhang et al., 2009, Uchevler and Svarstad, 2013, Alizadeh

and Behnam, 2013

6. Simulation 2 Sakairi et al., 2012, Jin et al., 2008

Table 4

Results pertaining to UML and its SYSML/MARTE profiles utilization.

Sr. no. Profiles Number of researches Researches identification

1. UML 7 Giuseppe Di et al., 2013, Bazydlo et al., 2014, Doligalski and Adamski, 2013, Durand and Bonato, 2012,

Wood et al., 2008, Chen et al., 2013, Telinski Wiedermann anger et al., 2013

2. SYSML 14 George-Dimitrios et al., 2014, Berrani et al., 2013, Sakairi et al., 2012, Stancescu et al., 2010, Anargyros

et al., 2014, Ouchani et al., 2013, Bouquet et al., 2012, DeTommasi et al., 2013, Chouali and Hammad,

2011, Doering, 2014, Ouchani et al., 2014, Knorreck and Apvrille, 2011, Behjati et al., 2011, Bousse

et al., 2012

3. MARTE 0

4. UML and SYSML 2 Mueller et al., 2010, Riccobene and Scandurra, 2012

5. UML and MARTE 12 Moreira et al., 2010, Vidal et al., 2009, Linehan and Clarke, 2012, Herrera et al., 2014, Lecomte et al.,

2011, Rafiq Quadri et al., 2012, Elhaji et al., 2012, Penil et al., 2010, Zohaib Iqbal et al., 2013, Ge et al.,

2012 Baresi et al., 2013, Nguyen et al., 2014

6. SYSML and MARTE 4 Andrade et al., 2009, Quadri et al., 2012, Espinoza et al., 2009, Huang et al., 2012

7. UML, SYSML and MARTE 3 Gomez et al., 2012, Vanderperren et al., 2008, Rota Sena Marques et al., 2014
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nalyzed to extract the accurate information regarding UML profiles

tilization, transformation type and identification of tools as defined

n serial numbers 8–10 respectively.

. Results

We have identified 61 researches and classified them into six cat-

gories. The summary of classification is shown in Table 3.

From the results of SLR, we analyze that various MBSE activities

re simultaneously researched to provide a complete development

olution for embedded systems. Therefore, 36 researches have been

elected under the general category as shown in Table 3.

We also analyze that modeling is the foremost activity and mostly

iscussed along with other MBSE activities. For example, Sakairi et al.

2012) propose simulation of SYSML model through SIMULINK (Math

orks Simulink, 2014) tool. However, they also provide adequate

YSML modeling information in the context of simulation. We ob-

erve that there are very few researches where “only” modeling as-

ects are discussed, as shown in Table 3.

On the other hand, we identify two researches those are specific

o property specification category only. However, various property

pecification techniques are also proposed along with other MBSE

ctivities. For example, Knorreck and Apvrille (2011) propose TEPE

or property specification but they also provide detailed solution for

ransformation and verification by using TTool (Ttool, 2014). Conse-

uently, we place such researches under the general category. Similar

s the case with the model transformation (e.g. Giuseppe Di et al.,

013; Quadri et al., 2012), model verification (e.g. Andrade et al.,
009; Chouali and Hammad, 2011) and simulation (e.g. Anargyros

t al., 2014) activities.

.1. UML/SYSML/MARTE utilization

We have also identified the application of UML and its

YSML/MARTE profiles individually as well as simultaneously to

odel embedded systems requirements. The results are summarized

n Table 4.

We include all researches in Table 4 where UML and its

YSML/MARTE profiles are comprehensively discussed and/or prac-

ically used individually as well as simultaneously. However, there

re some researches, especially in model transformation (e.g. Guerra

t al., 2010; Ledo et al., 2012) and model verification (e.g. Launiainen

t al., 2010; Zhang et al., 2009) categories, where these profiles

re rarely discussed and/or practically used. Therefore, we exclude

ll such researches due to their irrelevance with our particular re-

earch objective. Another interesting finding is that MARTE profile is

arely used alone to model large and complex embedded systems re-

uirements. In fact, MARTE profile has very good features to model

emporal aspects of the system but it cannot completely handle all

ehavioral and structural aspects of large systems. However, its uti-

ization along with UML and SYSML certainly enhances the modeling

apabilities for embedded systems. Therefore, it is frequently used

ith UML and SYSML as depicted in Table 4.

.2. Model transformation techniques

Analysis results for model transformation techniques are sum-

arized in Table 5. The model transformation activity has been
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Table 5

Model transformation statistics.

Sr. no. Transformation type Number of researches Relevant researches

1 Model to Model (M2M) 14 George-Dimitrios et al., 2014, Berrani et al., 2013, Bouquet et al., 2012, Doligalski and Adamski,

2013, Mueller et al., 2010, Greenyer and Kindler, 2010, Ko et al., 2013, Gronmo et al., 2009, Feher

and Lengyel, 2012, Guerra et al., 2010, de Lara and Guerra, 2014, Kolahdouz-Rahimi et al., 2014,

Rutle et al., 2012, Huang et al., 2012

2 Model to Text (M2T) 9 DeTommasi et al., 2013, Wood et al., 2008, Moreira et al., 2010, Linehan and Clarke, 2012, Herrera

et al., 2014, Zohaib Iqbal et al., 2013, Rose et al., 2012, Ledo et al., 2012, Ouchani et al., 2014

3 M2M and M2T 12 Giuseppe Di et al., 2013, Anargyros et al., 2014, Quadri et al., 2012, Vidal et al., 2009, Lecomte et al.,

2011, Rafiq Quadri et al., 2012, Elhaji et al., 2012, Riccobene and Scandurra, 2012, Doering, 2014,

Andrea Bollati et al., 2013, Baresi et al., 2013, Bousse et al., 2012
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performed in overall 35 researches. We classified these researches

into three transformation types i.e. M2M, M2T, both M2M and M2T.

3.3. Preliminary tools identification

Once the researches are classified into different categories, the

next step is to identify the tools and frameworks used in selected re-

searches to perform various MBSE activities. It is important to men-

tion here that a tool is used to perform a specific MBSE activity

whereas a framework is a complete environment supporting a set of

tools that can be used to perform various MBSE activities. The pre-

liminary identified tools and frameworks are given in Table 6.

It has been analyzed that few selected researches do not provide

sufficient information about the tools used in their work. For ex-

ample, Riccobene and Scandurra (2012) explain that they perform

both M2M and M2T transformations. They also describe that EA MDG

(Sparx Systems Enterprise Architecture 0002) tool is used for model-

ing and integrated into Eclipse technology to perform both transfor-

mations. However, it is unclear which specific tool/tools are used to

perform both transformations because there are a variety of transfor-

mation tools supported by Eclipse technology. Similarly, Gomez et al.

(2012) propose multi view power modeling approach by using UML

and its SYSML/MARTE profiles but do not provide any information

about the modeling tool used in their work. This limitation is present

in very few selected researches so it does not affect the ultimate re-

sults of our research objective.

3.4. Overview of selected researches

We extract the important data for each selected research, accord-

ing to the attributes defined in Table 2, in order to get the answers of

our research questions. However, due to the length constraints, it is

not possible to present all extracted data for each study in this article.

Consequently, we organize the data for each selected study in a single

table that can be found at (MODEVES Project 0000).

4. MBSE tools investigation

On the basis of SLR, 39 preliminary MBSE tools have been identi-

fied as given in Table 6. However, the identification of given tools is

not sufficient to facilitate researchers and practitioners for particular

tools selection. Moreover, the classification of tools is based on their

practical utilization in selected research works. Consequently, there is

a possibility that the selected tool can be customized to perform mul-

tiple MBSE activities, not discussed in the selected research works.

Furthermore, it is also required to search for additional MBSE tools

that have been missed during the SLR. Therefore, we further evalu-

ate the selected tools to provide a rational representation. First, initial

evaluation is performed and then various important characteristics of

the tools are used for evaluation. The details are given in subsequent

sections.
.1. Initial tools evaluation

In this phase, we perform initial evaluation of selected tools

Table 6) to check the availability of sufficient information required

or detailed tools evaluation. This includes web address, license type,

orking environment and help documentation. Furthermore, we also

earch for important tools used in the industries and missed dur-

ng the SLR. Consequently, it has been observed that the information

vailable for some tools is not adequate to perform further evaluation.

herefore, we exclude such tools for further evaluation.

.2. Tools characteristics

Once the initial evaluation is done, further evaluation is per-

ormed by defining some tools characteristics. These characteristics

elp practitioners and researchers to select appropriate MBSE tools

ccording to their requirements. Two types of tools characteristics

sed in this article are: general characteristics and activity specific

haracteristics. General characteristics are independent of a partic-

lar MBSE activity. On the other hand, activity specific characteris-

ics are related to the corresponding MBSE activity such as modeling,

ransformation, verification and validation.

.2.1. General characteristics

These characteristics are applicable to all the tools:

License type: It is the primary characteristic frequently con-

idered for the selection of appropriate tool. We investigate com-

on license types like General Public License (GPL) (General Public

icense, 2014), Eclipse Public License (EPL) (Eclipse Public License,

014), Apache Software License (ASL) (Apache License, 2014) and Ce-

ILL (CeCILL License, 2014) supported by various MBSE tools. Further-

ore, we also provide the name of the vendors in case of proprietary

icense type.

Customizability: This characteristic can be defined as “The abil-

ty of a tool to support desired alterations in order to perform a par-

icular MBSE activity”. For example, Open source tools can easily be

ustomized (Ttool, 2014; Zot Tool, 2014) while it is difficult to cus-

omized proprietary tools due to unavailability of the source code.

e define three parameters to explain customizability of a tool: “No”

eans tool is not customizable. “Partial” means tool is able to sup-

ort minor alterations. “Full” means tool is able to support major al-

erations according to given requirements. For example, if the tool

upports minor necessary alterations required for its seamless in-

egration in a given working environment, it will be considered as

artially customizable. On the other hand, if the tool also allows mod-

fications to its major basic functions (e.g. transformation type etc.),

t will be considered as fully customizable.

Supported platforms: This characteristic defines the type of op-

rating system supported by the tool. Windows and Linux platforms

re more frequently used.

.2.2. Activity specific characteristics

These characteristics are specific to a particular MBSE activity.



M. Rashid et al. / The Journal of Systems and Software 106 (2015) 150–163 157

Table 6

Preliminary tools selection.

Sr. no. Name of tool/framework Relevant researches

Modeling (8)

1. Topcased (Topcased Tool, 2014) Berrani et al., 2013, Bouquet et al., 2012, DeTommasi et al., 2013, Ouchani et al., 2014

2. Modelio Editor (Modelio, 2012) Quadri et al., 2012

3. Magic Draw (Magic Draw, 2014) Anargyros et al., 2014, Durand and Bonato, 2012, Linehan and Clarke, 2012

4. Eclipse GEF (IBM 2008) Wood et al., 2008

5. Rhapsody (IBM Rhapsody, 2014) Sakairi et al., 2012, Vidal et al., 2009, Lecomte et al., 2011, Behjati et al., 2011

6. PapyrusMDT (Papyrus MDT 0004) Herrera et al., 2014, Doering, 2014, Nguyen et al., 2014

7. EA MDG (Sparx Systems Enterprise Architecture 0002) Riccobene and Scandurra, 2012

8. Visual Paradigm (Visual Paradigm, 2014) Nguyen et al., 2014

Model transformation (18)

9. MediniQVT (QVT Project, 2014) George-Dimitrios et al., 2014

10. ATL (Eclipse ATL, August 2014) Berrani et al., 2013, Bouquet et al., 2012, Gronmo et al., 2009, Doering, 2014,

Kolahdouz-Rahimi et al., 2014, Andrea Bollati et al., 2013, Huang et al., 2012

11. Xpand (MDWorkbench platform 0006) Bouquet et al., 2012, Linehan and Clarke, 2012

12. Acceleo (Eclipse Acceleo, 2014) DeTommasi et al., 2013, Herrera et al., 2014, Rose et al., 2012, Doering, 2014

13. MODCO (Wood et al., 2008) Bazydlo et al., 2014

14. MODEASY (Wood et al., 2008) Wood et al., 2008

15. Apache velocity (Apache Software Foundation, 2010) Durand and Bonato, 2012, Moreira et al., 2010

16. UML-RSDS (Sparx Systems Enterprise Architecture 0002) Kolahdouz-Rahimi et al., 2014

17. GenERTiCA tool (Wehrmeister et al., 2008) Moreira et al., 2010

18. MDworkbench (MDWorkbench platform 0007) Vidal et al., 2009, Lecomte et al., 2011

19. CatapultC (Mentor Graphics, Catapult synthesis tool 0016) Lecomte et al., 2011

20. QVTO (Eclipse 0105) Doligalski and Adamski, 2013

21. AGG (Taentzer, 2004) Ko et al., 2013, Gronmo et al., 2009, Feher and Lengyel, 2012

22. MOFScript (Eclipse 0014) Zohaib Iqbal et al., 2013, Gronmo et al., 2009, Rose et al., 2012, Ledo et al., 2012

23. MeTHAGeM (Andrea Bollati et al., 2013) Andrea Bollati et al., 2013

24. Epsilon (Eclipse Epsilon, 2014) Quadri et al., 2012, Baresi et al., 2013

25. TMC (TMC 2014) Nguyen et al., 2014

26. SYSML to B translator tool (SYSML to B tool, 2014) Bousse et al., 2012

Model verification (2)

27. PRISM (Kwiatkowska et al., 2011) Ouchani et al., 2013, Ouchani et al., 2014

28. UPPAAL (UPPAAL Tool, 2014) Knorreck and Apvrille, 2011, Huang et al., 2012

Simulation (4)

29. SIMULINK (Math works Simulink, 2014) Sakairi et al., 2012, Vanderperren et al., 2008

30. ActiveHDL (Active HDL, 2014) Doligalski and Adamski, 2013

31. QEMU (Qemu, 2014) Mueller et al., 2010

32. GTKWave (Tony Bybell 0008) Jin et al., 2008

Modeling and model transformation (2)

33. radCASE (Giuseppe Di et al., 2013) Giuseppe Di et al., 2013

34. Artisan Studio (Artisan Studio, 2014) Mueller et al., 2010

Model transformation and model verification (1)

35. Verilog Dynamic Verifier (Jin et al., 2008) Jin et al., 2008

Model verification and simulation (2)

36. radCHECK (Giuseppe Di et al., 2013) Giuseppe Di et al., 2013

37. Zot (Zot Tool, 2014) Quadri et al., 2012, Baresi et al., 2013

Modeling, model transformation and simulation (1)

38. Gaspard2 (DaRT Team, GASPARD SoC Framework, 2010) Rafiq Quadri et al., 2012, Elhaji et al., 2012

Modeling, model verification and simulation (1)

39. TTool (Ttool, 2014) Knorreck and Apvrille, 2011
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.2.2.1. Modeling characteristics. Modeling characteristics are related

o the modeling activity in MBSE. The defined parameters in this cat-

gory are:

Support of XMI format: Import/Export to XML Metadata In-

erchange (XMI) is an important characteristic of modeling tools

nd frequently used to perform various data exchange activities.

e will evaluate whether a particular modeling tool support this

unctionality.

Profile support: From the SLR, it is clear that UML, SYSML and

ARTE profiles are frequently used to model embedded systems re-

uirements. We will investigate the modeling tools for potential UML,

YSML and MARTE profiles support.

.2.2.2. Model transformation characteristics. The only defined pa-

ameter in the model transformation category is the type of

ransformation.

Transformation type: There are two important transformation

pproaches i.e. model-to-model (M2M) and model-to-text (M2T). We
ill investigate the transformation tools for the supported transfor-

ation type. i.e. M2M, M2T or both.

.2.2.3. Model verification characteristics. The only defined parame-

er in the model verification category is the verification approach:

Verification approach: This characteristic describes the verifica-

ion approach supported by the verification tool. The model verifica-

ion is usually performed through formal verification methods. We

ill investigate the verification tool by considering its formal verifi-

ation technique used to perform model verification e.g. probabilistic

utomata, Finite State Machine (FSM) etc.

.2.2.4. Simulation characteristics. From the SLR, it has been observed

hat most of research works integrate available simulation tools to

erform the required simulation. Therefore, the most important char-

cteristic of simulation tool is its integration capability as given be-

ow:
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Table 7

Modeling tools used in MBSE for embedded systems.

Sr. no. Tool name General characteristics Activity specific characteristics

License type Customizability Supported platforms XMI support Profiles support

1. Magic Draw (Magic Draw, 2014) Proprietary (no magic) Partial Windows Linux Yes UML/SYSML/MARTE

2. Modelio Editor (Modelio, 2012) GPL Full Windows Linux Yes UML/SYSML/MARTE

3. Rhapsody (IBM Rhapsody, 2014) Proprietary, (IBM) Partial Windows Linux Yes UML/SYSML/MARTE

4. PapyrusMDT (Papyrus MDT 0004) EPL Full Windows Linux Yes UML/SYSML/MARTE

5. Artisan Studio (Artisan Studio, 2014) Proprietary (Atego) No Windows Yes UML/SYSML/MARTE

6. Visual Paradigm (Visual Paradigm, 2014) Proprietary (Visual paradigm) No Windows Linux Yes UML/SYSML

Table 8

Tools for model transformation in MBSE for embedded systems.

Sr. no. Tool name General characteristics Activity specific characteristics

License type Customizability Supported platforms Transformation type

1. MediniQVT (QVT Project, 2014) EPL Full Windows Linux/Mac M2M

2. ATL (Eclipse ATL, 2014) EPL Full Windows Linux M2M

3. Xpand (MDWorkbench platform 0006) EPL Full Windows Linux M2T

4. Acceleo (Eclipse Acceleo, 2014) EPL Full Windows Linux M2T

5. Apache Velocity (Apache Software Foundation, 2010) ASL Full Windows Linux M2T

6. MDworkbench (MDWorkbench platform 0007) Proprietary (Sodius) Partial Windows Linux Both

7. QVTO (104) EPL Full Windows Linux M2M

8. MOFScript (Eclipse 0014) EPL Full Windows Linux M2T

9. Epsilon (Eclipse Epsilon, 2014) EPL Full Windows Linux Both

10. JET (Eclipse JET, 2014) EPL Full Windows Linux M2T

11. Henshin (Eclipse HENSHIN, 2014) EPL Full Windows Linux Both

12. Viatra2 (Eclipse VIATRA, 2014) EPL Full Windows Linux Both
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Integration capability: This characteristic defines the ability of a

simulation tool to support its seamless integration in a given working

environment. We define three parameters to explain integration ca-

pability of a tool. “Low” means tool provides low integration capabil-

ity. “Medium” means tool provides good integration support. “High”

means tool provides high integration features for its potential inte-

gration in a given working environment.

4.3. Tools evaluation outcomes

We thoroughly analyze identified tools (Table 6) according to pre-

defined characteristics (Section 4.2). Furthermore, we also search for

any important tools that have been missed during the SLR but fre-

quently used in research/industrial practices (Eclipse HENSHIN, 2014;

Eclipse JET, 2014). On the basis of detailed tools evaluation, we cate-

gorize the tools into four MBSE activities (i.e. modeling, model trans-

formation, model verification and simulation).

We analyze six tools that are frequently used to model embedded

systems requirements through UML/SYSML/MARTE notations as

given in Table 7. The tools presented are mainly used to perform

model development activities and support different UML profiles.

However, some modeling tools also provide partial support for

other MBSE activities as well. For example, Modelio (2012) and IBM

Rhapsody (2014) provide partial facility to generate source code

(which is a kind of model transformation) but it is inadequate for the

development of complex and large embedded systems.

We evaluate two activity specific characteristics for modeling

tools i.e. XMI and UML profiles support. It is a fact that the XMI

support in tools does not guarantee trouble-free data exchange. For

example, there are different versions of XMI standard (e.g. 1, 1.2, 2

etc.) and UML (e.g. 1, 2 etc.). Consequently, a document containing a

UML model can be serialized in different combinations of XMI and

UML versions. On the other hand, tools normally do not provide sup-

port to all versions of XMI and UML. Therefore, the XMI functional-

ity in tools does not ensure the straightforward data exchange. Sim-

ilarly, there are various other XMI data exchange issues that can be

viewed at (TUCS Technical Report, 2015). Despite the certain XMI data

exchange issues, we believe that XMI support is still an important
haracteristic of a modeling tool as it provides standard data ex-

hange mechanism between different tools which is a primary re-

uirement in most of the cases. We also evaluate the tool support for

ML and its SYSML and MARTE profiles as these profiles are normally

sed together in different combinations (Table 4) to capture require-

ents of large and complex systems. However, there might exist a

umber of other modeling tools that provide enhanced support for

YSML and MARTE profiles individually in a particular modeling con-

ext. For example, OBEO SysML Designer (2015) is a typically SYSML

odeling tool available as a free eclipse plugin. Similarly, TimeSquare

ARTE Tool (2014) is a typical example of MARTE tools.

We identify 12 model transformation tools as given in Table 8.

ome tools are capable of performing both M2M and M2T transfor-

ations. These tools are highly customizable to perform the desired

odel transformations. These tools can easily be integrated into a

iven working environment due to their high customizability.

The two general-purpose model verification tools have been

dentified in Table 9. These tools are frequently used in various re-

earch/industrial practices due to their high level of customizability.

RISM (Kwiatkowska et al., 2011) is capable of analyzing models

ased on discrete-time Markov chains (DTMCs), Markov decision

rocesses (MDPs), continuous-time Markov chains (CTMCs), proba-

ilistic timed automata (PTAs) and probabilistic automata (PAs).

The Zot tool is customized by Quadri et al. (2012) to even sup-

ort partial model simulation features for embedded systems. The

resented verification tools can easily be tailored according to given

odel verification requirements. On the other hand, the various other

erification tools are also available but these are inflexible due to

heir partial customization support and limitations. For example,

PPAAL Tool (2014) is timed automata based tool that provide verifi-

ation support but it is bond with its own graphical editor and mod-

ling methodology.

We identified four simulation tools as given in the Table 10. The

election of an appropriate simulation tool is always challenging.

he simulation tools are highly bonded with their own model de-

elopment environment. Moreover, a seamless integration of sim-

lation tools in a particular working environment is very difficult.

urthermore, full feature support for different hardware description
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Table 9

Model verification tools.

Sr. no. Tool name General characteristics Activity specific characteristics

License type Customizability Supported platforms Verification approach

1. PRISM (Kwiatkowska et al., 2011) GPL Full Windows Linux DTMC, CTMC, MDP PA, PTA

2. Zot (Zot tool, 2014) GPL Full Windows Linux TRIO metric temporal logic

Table 10

Simulation tools.

Sr. no. Tool name General characteristics Activity specific characteristics

License type Customizability Supported platforms Integration capability

1. SIMULINK (Math works Simulink, 2014) Proprietary (Math Works) Partial Windows Linux High

2. ActiveHDL (Active HDL, 2014) Proprietary (ALDEC) Partial Windows Low

3. QEMU (Qemu, 2014) GPL Full Windows Linux High

4. OpenModelica (OMC) (OpenModelica Compiler (OMC), 2014) GPL Full Windows Linux High

Table 11

Frameworks and toolsets to perform various MBSE activities for embedded systems.

Sr. no. Name License type Supported platforms Activity specific characteristics type

1. EMF (Eclipse Modelling Framework 0015) EPL Windows Linux Framework

2. Topcased (Topcased Tool, 2014) EPL Windows Linux Toolset

3. Gaspard2 (DaRT team, GASPARD SoC Framework, 2010) GPL Windows Linux Toolset

4. TTool (Ttool, 2014) CeCIll Windows Linux Toolset
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anguages within a single simulation tool is not possible. For exam-

le, none of the four simulation tools (Table 10) fully support Sys-

em Verilog Assertions. Mentor Graphics Questa SIM (2014) support

VA but it lacks certain other features. Therefore, selection of appro-

riate simulation tool is totally dependent on the specific simulation

equirements.

Another important aspect is that the Modelica language is

requently used to perform MBSE simulation activities in various

esearch/industrial practices. For example, in our 61 selected re-

earches, Modelica is used in MADES project (Baresi et al., 2013) and

errani et al. (2013) to perform early design verification through

imulation. However, these researches (Berrani et al., 2013; Baresi

t al., 2013) do not provide the details of Modelica tools that have

een used in their research works. That’s why we have not included

ny Modelica related tool in our preliminary tool identification (Table

). However, we find chain of Modelica tools (OpenModelica Tools;

odelica organization) during our initial tools evaluation (Section

.1). Consequently, we have included one renowned Modelica tool,

penModelica Complier (OMC) (OpenModelica Compiler (OMC),

014) as given in Table 10, used in various industries (OpenModelica

ndustrial Users, 2015) to perform MBSE simulation activities.

We have also identified frequently used toolsets and frameworks

o perform various MBSE activities. A toolset is a collection of tools

sed to perform various MBSE activities in particular environment

hereas framework is the complete environment that support va-

iety of MBSE tools/toolsets work together to perform wide-ranging

BSE activities. The identified toolsets and frameworks are given in

able 11.

Framework: Eclipse Modeling Framework (EMF) is a leading

ramework supporting various tools and techniques for the develop-

ent of wide-ranging MDE (model driven engineering) applications.

here are varieties of modeling, model transformation and verifica-

ion tools those are built on top of EMF (e.g. Topcased, Gaspard2 etc.).

Toolset: Topcased is a complete toolset for the development of

mbedded systems through MBSE approach. It is built on top of

clipse Modeling Framework. Topcased is currently migrating to

olarSys (2014) (open source tools for embedded systems). Gaspard2

rovides a complete toolset to support MBSE modeling, model trans-

ormation, verification and validation activities for the development
f embedded systems. It is also build on Eclipse framework. TTool is

toolset that support verification and simulation of embedded sys-

ems, developed in particular UML and SYSML diagrams. It supports

URTLE, DIPLODOCUS and AVATAR profiles (Ttool, 2014). The major

rawback of TTool is its inflexibility as it is mandatory to develop

odels only in supported UML and SYSML diagrams/profiles.

. Answers of research questions

Research question 1: What important researches have been re-

orted from 2008 to 2014 where MBSE approach has been utilized to

upport the development of embedded systems?

Answer: 61 important researches, published from 2008 to

014, have been identified as per selection and rejection criterion

Section 2.2.1). These researches are classified into six corresponding

ategories. The details are as follows:

• Thirty-six researches have been identified in the General category

(Section 2.1.1).
• Modeling is the foremost activity of MBSE and all other activi-

ties usually depend on it. Therefore, most of the MBSE researches

present particular modeling context in their work. However, there

are few researches where only modeling aspects are researched

without performing any other MBSE activity. We identify five such

researches and list these in the Modeling category (Section 2.1.2).
• Eleven researches have been identified in the Model Transforma-

tion Category (Section 2.1.4).
• Five researches have been identified and listed in the Model Veri-

fication Category (Section 2.1.5).
• Two researches have been identified and listed in the Simulation

Category (Section 2.1.6).
• Two researches have been identified and listed in the Property

Specification Category (Section 2.1.3).

The overview, publication year, validation method and description

f each selected technique can be found at (MODEVES Project 0000).

Research question 2: Which of the UML and its SYSML/MARTE

rofiles are more frequently utilized to model embedded system re-

uirements during 2008–2014 researches?
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Answer: It has been analyzed that UML and its SYSML/MARTE

profiles are not only used individually but their combined utilizations

are also very common as given in Table 4. On the basis of SLR, we an-

alyze that SYSML profile is more frequently used to model embedded

systems requirements. Further details are available in Table 4.

Research question 3: Which of the model-to-model and model-

to-text transformation approaches are more frequently utilized dur-

ing 2008–2014 researches?

Answer: We identify 35 selected researchers where model trans-

formation has been performed. 14 researches use M2M approach, 9

researches use M2T approach and 12 researches use both M2M and

M2T approaches as given in Table 5. It shows that the M2M approach

is slightly more used as compared to M2T approach. It is also ana-

lyzed that the simultaneous use of both M2M and M2T approaches is

very common in contemporary research practices. Further details are

available in Table 5.

Research question 4: What are the significant tools for require-

ment specifications, model transformation, verification and simu-

lation (validation) activities in the context of MBSE for embedded

systems?

Answer: On the basis of SLR, we identified 39 preliminary tools to

support MBSE approach for the development of embedded systems

as given in Table 6. We perform evaluation (Section 4) of preliminary

tools by considering significant tools characteristics (Section 4.2) and

finally present 28 tools in five categories as follows

• Six modeling tools are presented to specify embedded systems

requirements.
• Twelve tools are presented to perform model transformation

activities.
• Two tools are presented to perform model verification activities.
• Four tools are presented to perform simulation activities.
• Four frameworks are presented to support various MBSE activities

simultaneously.

6. Discussion and limitations

Discussion on modeling embedded systems requirements: It is

analyzed that modeling activity is the core of MBSE approach because

all other activities (i.e. model transformation, verification and sim-

ulation) are tightly coupled with this activity. Therefore, embedded

systems requirements are modeled by considering various important

verification and validation aspects. UML and its SYSML/MARTE pro-

files are frequently used in different combinations to specify struc-

tural and behavior aspects because it is challenging to specify the

complete requirements for complex systems through a single profile

individually. On the other hand, there are certain issues while inte-

grating UML and its SYSML/MARTE profiles (Espinoza et al., 2009;

Rota Sena Marques et al., 2014). Another big challenge is to select

the appropriate property specification approach while specifying var-

ious properties and constraints in the models. MARTE profile pro-

vides rich support for timing constraints but that is not sufficient

enough to specify all behavioral and structural aspects of embedded

systems. Therefore, MARTE profile is rarely utilize alone (Table 4). It

is mostly used in different combinations with UML and SYSML. An-

other interesting fact is that SYSML is the profile that provides good

capabilities to model both structural and behavioral aspects alone.

Block definition, parametric, activity and state machine diagrams of

SYSML are frequently used in contemporary researches (Berrani et al.,

2013; Sakairi et al., 2012; Stancescu et al., 2010; Anargyros et al., 2014;

Ouchani et al., 2013).

Discussion on model transformation: It is the key activity for fur-

ther verification and validation of the system. It is used to perform

various operations; however, the most important outcome of this ac-

tivity is the executable source code in the target domain for valida-

tion (Simulation) of the system. Another important outcome of this
ctivity is the transformation of given model into domain specific

odel for formal verification of the system. M2M and M2T trans-

ormations are usually used to attain the desired outcomes. M2M is

ore frequently used as compared to M2T (Table 5) due to its accu-

acy of model transformation. On the other hand, M2T approach is

ighly flexible as it can easily be customized according to the target

omain. Consequently, the simultaneous use of both M2M and M2T

pproaches is very common (Table 5) for the development of large

nd complex embedded systems.

Discussion on model verification: Model verification activity is

erformed to ensure the correctness of given model. Model transfor-

ation is performed to convert the given model into specific model

hat support formal verification technique to verify the behavioral

nd temporal aspects of the model/system. However, the capability

f formal verification approaches is questionable regarding the com-

lete verification of all behavioral aspects of the given model. Finally,

t can be concluded that model verification activity speedup and ease

he development of embedded systems but it may not completely

erify all behavioral aspects of the large and complex embedded

ystems.

Discussion on simulation: Validation of the system is performed

hrough simulation by making use of the generated source code. Re-

earchers usually utilize available simulation tools for the valida-

ion of the system (Sakairi et al., 2012; Vanderperren et al., 2008).

owever, some researchers develop their own simulation mecha-

ism/tool for validation (Giuseppe Di et al., 2013). Consequently, the

ost important activity of simulation is the selection or development

f appropriate simulation tool because different simulation mecha-

ism/tool are required for the simulation of source code of different

anguages. Another important aspect of the simulation activity is the

nowledge of simulation environment/variable to perform accurate

imulation. This normally requires specifying some simulation infor-

ation within the developed models. Finally, it can be concluded that

imulation of the model is highly dependent on the type of automati-

ally generated executable source code. It may also require specifying

ome simulation aspects in the models.

Discussion on MBSE tools selection: The selection of appropri-

te MBSE tools is always challenging due to the wide-ranging be-

avioral/temporal aspects of embedded systems. Moreover, a seam-

ess integration of different tools within a single platform is another

roblem. It is always difficult to find a complete solution for verifi-

ation and simulation of models due to the complexity of embedded

ystems. From this research, it has been analyzed that Eclipse plat-

orm (Eclipse Platform, 2014) is playing the leading role by provid-

ng various frameworks (e.g. EMF, GMF etc.) and tools to support dif-

erent MBSE activities for embedded systems. Various tools are built

n top of the Eclipse platform and available as eclipse plug-in (e.g.

apyrus, Topcased etc.). Further, Eclipse-based frameworks and tools

re highly customizable and can be altered according to diverse MBSE

equirements.

Limitations of research: Although, we have completely followed

he guidelines of SLR (Kitchenham, 2004) and strictly observed the

eveloped review protocol, there are still certain limitations:

• We have used the appropriate search terms and thoroughly

scanned the search results. However, few search terms returned

thousands of results and cannot be scanned exhaustively. Further-

more, we have rejected number of researches on the basis of its

title and there is a possibility that contents of the research are not

properly defined in the title. Consequently, we do not claim the

exhaustiveness of our research in this article.
• We have used four renowned scientific databases i.e. IEEE,

ELSEIVER, ACM and SPRINGER. These databases provide large

amount of journal and conference publications. However, a lot of

research work is provided by other databases. Therefore, there is

a fair chance that we have missed latest relevant researches from
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other databases. However, we believe that ultimate findings of

this SLR are not affected significantly because selected scientific

databases provide high quality latest research literature.

. Conclusions

This research presents the latest trends, approaches and tools

o support MBSE for the development of embedded systems. To

ccomplish this objective, SLR has been performed to identify 61

esearch practices. On the basis of different MBSE activities, selected

esearches are further classified into six different categories and 39

reliminary tools are identified. Subsequently, a comprehensive anal-

sis is performed on the identified tools by considering various im-

ortant MBSE characteristics for the development of embedded sys-

ems. Consequently, 28 tools have been presented in five different

ategories to support modeling, model transformation, verification

nd validation activities. In addition to tools evaluation, this research

lso investigates the utilization of UML and its SYSML/MARTE pro-

les individually as well as simultaneously for the development of

mbedded systems. Furthermore, the application of both model-to-

odel and model-to-text transformations have also been analyzed.

hus, MBSE trends, approaches and important tools for the devel-

pment of embedded system are publicized under a single research

hich is rarely available to the best of our knowledge. This will facil-

tate researchers, practitioners and developers to select appropriate

BSE approach and tools according to their requirements.
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