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 A B S T R A C T

Rigorous software development involves using highly structured methods and processes in software and system 
engineering to ensure that the developed products are correct, reliable, and robust. In this context, model-
driven development (MDD) has emerged as a development paradigm that emphasizes designing software 
systems by means of graphical or textual models at different levels of abstraction, which capture different 
aspects or dimensions of the system-to-be. At the core of MDD is model transformation, which is the process 
of translating one model into another, according to specific rules. Property preservation in MDD refers to 
maintaining specific properties of the system model during transformations, including structural, behavioral, 
and domain-specific constraints.

Over the past decades, research on model transformation and property preservation has seen several 
contributions. In this paper, we present a systematic literature review (SLR) to compile information on study 
demographics, model properties considered, techniques to ensure property preservation, and other aspects. In 
addition, through thematic analysis, we highlight significant challenges and benefits associated with model 
transformation and property preservation.

We analyze 202 research studies published between 2000 and 2024. Most of the studies concern case 
studies (62, 31%) and rigorous analysis (49, 24%), while experimental studies using human subjects are 
limited (1). Formal logic is the most commonly used transformation language, used in 42 studies (21%), 
while the Unified Modeling Language (UML) is also used for source (58, 29%) and target (25, 12%) modeling. 
A total of 100 of the studies (50%) performed system testing on models, while 44 of the studies (22%) used 
transformation rules to verify transformation properties. Among the verified model properties, 66 studies (33%) 
focused on consistency management, while 4 (2%) are related to model maintainability and reuse.

We conclude from our SLR that property preservation could be improved by using model-specific 
verification methods and strategies based on the considered model artifacts. Our research also provides a 
relevant contribution by identifying the major challenges in MDD and proposing relevant solutions.

Editor’s note: Open Science material was validated by the Journal of Systems and Software Open Science Board.
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1. Introduction

In software and system development, models serve as abstractions, 
conveying the fundamental aspects of a problem or solution while 
managing complexity (Sommerville, 2015). Model-driven development 
(MDD) has emerged as a development paradigm in which models are at 
the center of the process. Models enable reasoning on different system 
aspects, and ultimately facilitate automated code generation and veri-
fication, while ensuring both inter-model and intra-model consistency 
between different models and within a model by means of rigorous 
model transformations. A necessary aspect of model transformations 
lies in specifying the characteristics of the source models and target 
models—i.e., the input and output of the transformation—, achieved 
by defining the meta-models to which the models must conform. A 
meta-model is a model that describes the structure, constraints, and 
2 
semantics of the models within a specific domain, as shown in Fig. 
1 inspired by Czarnecki and Helsen (2006). It describes the types of 
elements, relationships, and properties that can exist in the considered 
models. They also encapsulate transformation semantics, establishing 
how models can be changed or manipulated. Essentially, meta-models 
ensure that transformations follow the intended rules and meanings 
of the models involved in MDD (Magalhães et al., 2020b; Arrassen 
et al., 2012; Meyma et al., 2023). The focus of this SLR is on property 
preservation and synchronization across models, which is essential 
when managing multiple representations of a system, such as design 
models, analysis models, and code models. Property preservation in 
MDD means ensuring that certain important characteristics of a model, 
such as its structure, behavior, or domain-specific features, remain 
unchanged and consistent throughout the different stages of model 
transformation (Tariq and Cheema, 2021).
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Fig. 1. Model Transformation (inspired by Czarnecki and Helsen, 2006).
Modeling languages, like the Unified Modeling Language (UML) and 
SysML (Systems Modeling Language), provide the syntax and semantics 
for expressing system designs, while transformation languages, like 
the Atlas Transformation Language (ATL) (Cuadrado et al., 2022) and 
Query/View/Transformation (QVT) (Arrassen et al., 2012), automate 
the process of transforming models from one form to another. To ensure 
that model properties are preserved throughout the transformation 
process, i.e., that these transformations align with the intended design 
without introducing errors by maintaining consistency across trans-
formations, different techniques are applied (Ciancone et al., 2010; 
Hutchesson and McDermid, 2011; Giraldo Velásquez, 2017; Meng et al., 
2021; Dyck et al., 2018), which typically go under the name of property 
preservation techniques. Property preservation is essential for uphold-
ing correctness, as properties like functional behavior, safety, and 
security remain intact during transformations, reducing the likelihood 
of defects. Additionally, property preservation facilitates verification 
and validation by providing a consistent foundation for assessing model 
quality. It enhances system reliability by ensuring that non-functional 
requirements such as performance and scalability are preserved, while 
also improving modularity and reusability by enabling components 
to be reused without extensive re-verification. Automation, a key as-
pect of MDD supported by robust transformation languages, relies 
on property preservation to deliver predictable and reliable results, 
making development processes more efficient. Furthermore, property 
preservation aids in managing the complexity of large systems, ensures 
traceability by linking implementation changes to high-level require-
ments, and mitigates risks associated with faults, inconsistencies, or 
non-compliance. Various property preservation techniques exist, such 
as logical inference, model checking, manual testing, static analy-
sis (Cuadrado et al., 2022; Mottu et al., 2012; Alshalalfah et al., 2023), 
white/black box techniques (Schonbock et al., 2013), machine-learning 
approaches (Karimi et al., 2024; Sick et al., 2021; Jadhav et al., 2024; 
Jadoon et al., 2024), and verification of construction properties (He 
et al., 2016). However, a comprehensive study that provides critical 
analysis and a complete overview of the topic is lacking (Gogolla and 
Vallecillo, 2011; Kessentini et al., 2011; Baudry et al., 2010).

The study presented in this paper fills this gap, offering a systematic 
literature review (SLR) of 202 studies published between 2000 and 
2024. The paper analyzes different dimensions of the primary studies 
considered, namely: the demographic of the studies—in terms of year, 
venue, and empirical evaluation—and also including languages used 
and transformation types; the properties considered; and the property 
preservation techniques proposed with associated tools. Furthermore, 
the paper includes an in-depth thematic analysis of the paper to identify 
the benefits and challenges of performing model transformation and 
ensuring property preservation.

The takeaway message concludes that model transformation spec-
ifications are as crucial as the models, yet they often lack the formal 
analysis needed to ensure reliability and accuracy. Effective verification 
of model transformations through static analysis or logical theorem 
proving is essential, but challenges with clarity and rigidity persist. 
Furthermore, while simulations and regression testing offer ways to val-
idate transformations, a comprehensive framework for property preser-
vation remains necessary. As models grow in complexity, they become 
3 
more susceptible to bugs, emphasizing the need for robust, automated 
tools—particularly those tailored to domain-specific contexts. Although 
solutions like variability management and feature modeling show po-
tential, they need further exploration, especially in terms of scalability, 
performance, and privacy. Ultimately, while the benefits of property 
preservation—such as consistency, reliability, and traceability—are rec-
ognized, achieving these outcomes demands more focused research and 
refinement.

This paper provides the following contributions to the literature on 
MDD:

1. Statistics on the publication venues and type of empirical strate-
gies adopted by the studies, which indicate the field’s degree of 
maturity and, thus, the transferability to practice of the proposed 
techniques.

2. Statistics on the source, target, and transformation languages 
considered in the primary studies, together with properties ad-
dressed, and associated techniques. This information is useful to 
point the attention of researchers towards areas that have re-
ceived limited attention and that require more in-depth studies. 
The statistics also indicate to practitioners the solutions that are 
currently more mature, such as the ATL language in the context 
of declarative model transformation.

3. A list of support tools, which can be used by practitioners and 
researchers to perform case studies in industrial environments.

4. A set of benefits of model transformation of property preserva-
tion, which can trigger practitioners to experiment with these 
techniques in their companies.

5. A set of challenges that indicate areas of improvement that need 
to be addressed by researchers.

The rest of the paper is composed as follows. Section 2 presents 
some necessary background on modeling and transformation languages 
and properties, as well as property preservation. Section 3 discusses 
related reviews of model transformation and property preservation 
techniques. Section 4 describes the review methodology. Section 5 
presents the results and Section 6 discusses the statistical findings. 
Section 7 reports threats to validity. Section 8 concludes the paper. An 
appendix complements Section 5.

2. Background

Model transformations are typically defined by syntactic and se-
mantic rules for transforming models expressed in a certain transfor-
mation language. It refers to the automated process of converting one 
model into another within the same domain or across domains while 
preserving the intended semantics and specific properties.

Bidirectional transformations, comprising forward and backward 
transformations, are fundamental for maintaining consistency and syn-
chronization between source and target models. Forward transforma-
tions derive target models from source models, aligning system views 
or implementation details. Conversely, backward transformations prop-
agate changes from target to source models, preserving alignment and 
preventing inconsistencies.
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Property preservation is fundamental to MDD, playing a vital role 
in maintaining the integrity, reliability, and usability of models. Tech-
niques such as logical inference, model checking, and static analysis are 
essential for maintaining critical model properties throughout the trans-
formation (Ciancone et al., 2010; Hutchesson and McDermid, 2011; 
Giraldo Velásquez, 2017). These approaches collectively form the foun-
dation of property preservation methods, addressing key challenges in 
transformation quality.

Model transformations have a broad range of application areas 
in software and systems engineering like reverse engineering, digital 
twins, simulation, etc. One application area where model transforma-
tions are vital is Software Product Lines (SPLs) (Apel et al., 2013). 
SPLs represent a systematic approach to managing a family of related 
software systems, enabling the efficient development of configurable 
products by leveraging shared core assets. Variability modeling, a key 
aspect of SPLs, captures the commonalities and variabilities among 
product families, facilitating the specification, configuration, and cus-
tomization of individual products (ter Beek et al., 2019; Benavides 
et al., 2025). Property preservation within variability modeling ensures 
functional correctness, adherence to non-functional constraints, and be-
havioral consistency during product derivation (Jadoon, 2024). These 
attributes are essential for delivering reliable and scalable systems, 
ensuring the derived products meet desired quality and performance 
standards.

Modeling language and transformation language. A modeling language 
and a transformation language serve distinct but complementary roles 
in MDD. A modeling language is primarily used to define and describe 
models, which are abstractions representing systems or processes. It 
focuses on specifying the structure, behavior, and interactions of a 
system at various levels of abstraction. Examples include UML, SysML, 
and BPMN (Business Process Model and Notation). These languages 
provide the foundation for creating source and target models essential 
for system design, analysis, and documentation.

In contrast, a transformation language is specifically designed to 
define and execute transformations between models. Its main purpose is 
to convert one model into another while ensuring properties like consis-
tency, correctness, or scalability. Transformation languages specify the 
rules and mappings required to automate these conversions, which may 
involve changes to the language, structure, or abstraction level of the 
models. Examples include ATL, QVT, and ETL (Epsilon Transformation 
Language).

On the other hand, a Domain-Specific Language (DSL) is a high-level 
programming language tailored to express the concepts and constructs 
of a particular domain or application area (Fowler, 2010; Wąsowski 
and Berger, 2023). It provides abstractions and syntax specific to the 
domain, making it easier to develop solutions in that domain. Think of 
SQL for databases or Simulink for control systems.

A model transformation language is indeed a type of DSL be-
cause it is designed with a limited scope, specifically targeting the 
domain of transforming models. A transformation language supports 
the significance of domain-specific tools in facilitating precise and 
reusable multi-model transformations, by defining system properties 
and semantics for multiple source and target models, often involving 
heterogeneity and complex interdependencies. A domain-specific tool 
refers to a software application explicitly developed to assist certain 
tasks within a defined domain or problem space. These tools are crafted 
to address the distinctive requirements and complexities inherent in a 
particular application area, ensuring consistency for modeling, transfor-
mation, and analysis tasks relevant to that domain (Macías et al., 2019). 
Consistency, in this context, refers to the property of maintaining coher-
ence and correctness within a model and across different models within 
the transformation development process (Guerra and Soeken, 2013; 
Uzun and Tekinerdogan, 2018; Tsigkanos et al., 2020). It involves 
ensuring that the transformed models accurately reflect the intended 
behavior and structure specified by the original models, thus preserving 
inter-model and intra-model consistency throughout the transformation 
process (Oakes et al., 2015).
4 
Transformation properties. The properties considered span from
language-related properties (Rodriguez-Echeverria et al., 2021) (e.g.,
termination, determinism) to transformation-related properties (e.g.,
source/target model conformity, syntactic and semantic relation, func-
tional behavior) (Combemale et al., 2007; Ko et al., 2013; Sahin 
et al., 2015). Similar to model transformation, property preserva-
tion requires advanced verification tools to detect and address both 
functional and non-functional issues that could have occurred in the 
transformation (Ciancone et al., 2010; Hutchesson and McDermid, 
2011; Giraldo Velásquez, 2017).

Our classification of focused properties is based on an extensive 
review of the literature, where the primary objectives, challenges, and 
evaluation criteria of model transformations were analyzed. Each study 
was examined for its emphasis on key transformation aspects, such 
as ensuring correctness, managing consistency, and optimizing per-
formance. For example, properties like consistency management were 
classified based on studies addressing the alignment and synchroniza-
tion between source and target models. Transformation verification was 
categorized from works focused on validating the correctness and accu-
racy of transformation processes, often using formal methods or testing 
frameworks. Non-functional behavior was identified in studies prioritiz-
ing quality attributes like scalability, reliability, or performance, while 
syntax and semantics reflected efforts to ensure structural and inter-
pretative accuracy in transformations. Functional and non-functional 
behavior was classified from studies that explicitly combined both as-
pects for holistic evaluation. Finally, categories like maintainability and 
reuse emerged from research emphasizing the long-term usability and 
adaptability of transformation artifacts. This categorization ensures that 
the focused properties align with the explicit goals and methodologies 
detailed in the reviewed studies.

3. Related reviews

MDD has been an area of interest for researchers over the past two 
decades. Sommerville (2015) provides a detailed introductory review of 
MDD focusing on model quality attributes. We collected related reviews 
in the field of model transformation and property preservation, which 
is the focus of our research. In the following, we summarize the content 
of these reviews and illustrate our contribution.

The existing reviews can be divided into four main groups. The 
focuses of the different groups are: (1) rigorous model transformation 
approaches; (2) support tools; (3) specific applications, such as IoT or 
mobile ones; and (4) security aspects.
Rigorous model transformation. Troya et al. (2022) surveyed 140 papers 
on model transformation in MDD, highlighting challenges in model 
transformation testing and debugging and presenting a comprehen-
sive overview of current trends, advances, and open research chal-
lenges. Troya et al. (2022) reviewed the state of the art in testing 
and debugging model transformations. Analyzing 140 papers, they 
explored trends, advances, and the evolution of these research areas. 
They also introduced a conceptual framework to categorize various 
approaches, and highlighted significant research challenges. Batot et al. 
(2016) explored the transformation of concrete models in MDD, with a 
focus on new directions in the modeling of domain-specific systems. 
According to them, concrete models mainly emphasize the code of 
transformed models instead of the abstract meta-models used before 
code generation.
Support tools. Kahani et al. (2019) presented a catalog of 60 model 
transformation tools, organizing them based on transformation ap-
proaches and comparing them according to six categories. Their study 
provides valuable details on the results and insights for stakeholders 
in the modeling community, including practitioners, researchers, and 
tool developers. Rashid et al. (2015) presented a comprehensive study 
on tool analysis, which discussed recent approaches to developing and 
verifying embedded systems using model-based software engineering; 
39 tools are identified that provide support for all phases of develop-
ment in MDD. Madlener et al. (2010) also focused on the same subject 
using transformation rules.
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Application-specific. Ameller et al. (2015) presented a survey in which 
characteristics of MDD are discussed that can be applied to the develop-
ment of service-oriented systems. Ameller et al. (2021) also presented 
an interview-based survey on how to manage non-functional require-
ments in MDD, considering 18 IT companies from 6 countries. They 
concluded that more advanced tools and techniques are needed to 
improve the management of non-functional requirements like produc-
tivity and maintainability. A systematic mapping study by Santos et al. 
(2015) revealed deficiencies in current consistency management prac-
tices in SPL engineering, including tool support, tracking, evaluation, 
and validation mechanisms. Although some studies address property 
management for identified inconsistencies, there is a lack of discussion 
about the handling and management of these inconsistencies. Shamsu-
jjoha et al. (2021) conducted a literature review focusing on MDD for 
mobile applications, noting that MDD is becoming essential to manage 
the complexity of developing application models dependent on devices, 
platforms, and system requirements. They also observed that some 
property preservation mechanisms are more responsive and ad-hoc for 
specific applications, yet not generic enough to handle heterogene-
ity. Erazo-Garzón et al. (2022) conducted a systematic review of 51 
relevant articles on model-driven user interface engineering, studying 
how MDD is utilized to build and maintain software user interfaces, 
addressing key research questions and identifying challenges, gaps, 
and research opportunities. Szvetits and Zdun (2016) performed an 
SLR on MDD, focusing on the design of models at run-time and ad-
dressing changing requirements, accuracy, error handling, and human 
involvement. Neis et al. (2019) systematically reviewed tools to design 
and develop power systems, concluding that MDD approaches are 
well suited to develop these systems, as step-by-step transformation is 
necessary to build verified executable systems.

Security aspects. Finally, some of the reviews focus on security aspects 
in MDD. In 2015, Nguyen et al. (2015) performed a systematic review 
of MDD for secure software systems. They provided an overview of 
the state-of-the-art in model-driven security and identifies challenges in 
related model transformations. They highlighted that domain-specific 
systems are less prone to security issues than generic applications due 
to predefined semantics and suggests future directions for security 
solutions. Geismann and Bodden (2020) performed an SLR targeting 
security in IoT-based models of cyber–physical systems. These systems 
are vulnerable to various cyber-attacks that compromise data security 
and confidentiality. Their review discussed 17 approaches and analyzed 
their limitations, noting that MDD can help identify such attacks in the 
early development phases.

Comparison and contribution. Compared to the reviews on rigorous 
model transformation, the review presented in this paper has a broader 
focus, as it considers a larger set of property preservation techniques, 
and not solely transformation testing and debugging, as Javier et al. and 
Troya et al. did. In addition, we provide an in-depth thematic analysis 
of the primary studies to illustrate the benefits and challenges in the 
field. Batot et al. also had a narrower—yet relevant—scope, as they 
focused on the practical dimension of model transformation. Similar to 
Kahani et al. and Rashid et al. we also survey existing tools. However, 
compared with Kahani et al. we consider only tools that offer property 
preservation support. Compared to Rashid et al. our review does not 
exclusively consider embedded systems. Finally, compared to work on 
application-specific cases and security properties, our scope differs, as 
we do not focus on single application types or properties. Overall, this 
is the first study that focuses on model transformation and property 
preservation in a broad sense, providing a general overview of the 
field, and outlining research challenges grounded on existing empirical 
studies.
5 
4. Review method

This section provides insight into the literature review process that 
follows the guidelines provided by Kitchenham and Charters (2007). 
In addition to these established guidelines, we also adhered to the 
PRISMA 2020 (Page et al., 2021) guidelines for SLRs, which offer a 
comprehensive checklist to enhance the rigor, transparency, and repro-
ducibility of the review process. By integrating these frameworks, we 
ensured a robust methodological approach to identifying, selecting, and 
analyzing the relevant literature. The primary search strategy involved 
systematic keyword-based queries across selected digital libraries using 
well-defined search strings. The secondary search strategy concerned 
snowballing—both backward and forward citation tracking—which 
was conducted to ensure broader coverage and to identify additional 
studies not captured through the initial search. More in detail, we 
first identified the research questions (Section 4.1) and composed the 
search string (Section 4.2) accordingly. This was followed by a proper 
search and selection strategy (Section 4.3), and by data extraction and 
synthesis procedures (Section 4.4).

4.1. Research questions

Our research goal is to survey existing empirical studies applying 
model transformation and property preservation techniques, and iden-
tify benefits and challenges of the surveyed approaches. Based on this 
goal, we define the following research questions (RQs):

Q 1: What are the demographic aspects of the primary studies in the 
field of model transformation?
RQ 1.1: What is the yearly distribution?
RQ 1.2: What is the venue distribution?
RQ 1.3: What are the main languages used in the transforma-

tion?1

RQ 1.4: What are the transformation types considered?
RQ 1.5: Which type of evaluation has been conducted?

Q 2: What are the model properties considered?
Q 3: What are the techniques used to ensure that model properties 

are preserved in the transformation?
Q 4: What are the different automated tools used to ensure that model 

properties are preserved in the transformation?
Q 5: What are the challenges of model transformation and property 

preservation?

Q 6: What are the benefits of model transformation and property 
preservation?

4.2. Databases and search string

The databases we selected for our search are Springer, IEEE Xplore, 
ACM Digital Library, and Elsevier Science Direct. These databases 
belong to the main publishers of reputable conferences and journals 
in software engineering. Google Scholar has also been used for com-
plementary searches.2 The search string that we used is as follows:

(‘‘model transformation’’ OR ‘‘model synchronization’’)
AND

1 Here we consider transformation languages as well as languages used in 
the source and target models.

2 To this end, we analyzed the results solely in the first 25 pages returned 
by Google Scholar, as further pages did not appear to include relevant papers.
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Table 1
Inclusion and exclusion criteria. 
 Inclusion Criteria  
 1 Relevant studies published in journals, conferences, or book 

chapters.
 

 2 Papers that provide a clear methodology, sufficient detail, and 
evidence supporting their claims.

 

 3 In similar studies of model transformation and property 
preservation, the extended version of the article is considered.

 

 4 Studies applying property verification and property preservation in 
models are considered.

 

 Exclusion Criteria  
 1 Duplicate and irrelevant studies.  
 2 Papers in the form of tutorials or posters are excluded.  
 3 Publications or sources that lack academic rigor or credibility.  
 4 Studies where full text is not available.  
 5 Papers not in the English language.  
 6 Papers published before the year 2000.  

(‘‘verif*’’ OR ‘‘propert*’’)
For Science Direct, we used the following string, as * is not allowed:
(‘‘model transformation’’ OR ‘‘model synchronization’’)
AND
(‘‘verification’’ OR ‘‘property preservation’’)
We decided to use ‘‘model transformation’’ rather than ‘‘model*’’ 

AND ‘‘transform*’’ because the latter resulted in 3,226,423 papers. An-
alyzing this number of papers was considered unfeasible. The possible 
limitations resulting from this choice are mitigated by our secondary 
search strategy (snowballing, cf. Section 4.3). To guarantee the rele-
vance of the papers while maintaining feasibility, we applied a general 
filter of publication dates from 2000–2024 across all databases. Ad-
ditionally, we tailored the search strategy for specific databases to 
maximize the precision of the results.

In the ACM Digital Library, the search was conducted within the 
abstract field, as abstracts concisely convey the key contributions and 
objectives of papers, facilitating the identification of studies closely 
aligned with our focus. For ScienceDirect, the search was limited to the 
Title and Abstract fields, targeting papers explicitly addressing model 
transformation topics while avoiding peripheral mentions. In Springer-
Link, additional filters were applied, including restricting results to 
research articles and conference papers, selecting only papers in the 
English language, and narrowing the subject areas to ‘‘Model Building 
and Simulation’’ and ‘‘Models of Computation’’ to maintain a clear 
alignment with the domain of MDD.

4.3. Search strategy and study selection procedures

We selected the most relevant studies based on the inclusion and 
exclusion criteria presented in Table  1. The inclusion and exclusion 
criteria are designed to refine the dataset for the SLR by selecting 
studies that contribute directly and substantially to the research ques-
tions. These criteria balance the breadth and depth of the review, 
ensuring coverage of relevant topics while maintaining academic rigor 
and relevance. By adhering to these criteria, the SLR achieves a fo-
cused, high-quality, and reliable dataset for comprehensive analysis. 
The quality checklist we used to evaluate our search results and remove 
low-quality studies is listed in Table  2.

The selection process consisted of the following stages:
1. Retrieval: Search is performed on the abstract and title, using 

the described search string in each database. Where necessary for more 
detail, a full-text search is performed as well.

2. Screening: Read the title and abstract of each study, and follow-
ing the inclusion criteria, each study is added or discarded in the Excel 
sheet.

3. Full-text Reading: Read the full text of the study and follow 
the exclusion criteria and quality checklist. Discard irrelevant studies. 
6 
A ternary scale (Yes=1, Partial=0.5, and No=0) is used to check each 
research study against each question of the quality checklist. So, the 
quality score of each research study is calculated, and if the total score 
is equal to or greater than 6 (out of 10), then the study is included; 
otherwise, it is excluded from the SLR. The selected papers are then 
assigned a unique ID for data extraction.

The secondary search strategy consisted of forward and backward 
snowballing, in which the references of any selected study from the 
primary search were screened and selected.

After pilot searches, the search string was defined, and the primary 
search was performed on 2 April 2025.3 The search interval was 
2000–2024. The additional search (snowballing) was performed on the 
studies extracted after the primary examination. A total of 21,942 stud-
ies were retrieved during the initial search, of which 295 studies were 
included.4 Upon a thorough quality check, 120 studies were discarded. 
In addition to the remaining 175 studies selected, a further 27 studies 
were selected by snowballing as part of the additional search. This also 
led to the inclusion of studies from additional venues such as ECMFA. 
Duplicates were discarded during the database searches, which were 
performed incrementally (ACM Digital Library, IEEE eXplore, Science 
Direct, Springer Link, Google Scholar), as well as during snowballing. 
The included studies already account for the discarded duplicates. We 
did not keep track of the number of duplicates, but we believe this does 
not impact the soundness of the overall search and selection protocol. 
Fig.  2 provides more details on the number of studies. The search, paper 
selection, and data extraction for the SLR were conducted by the first 
author, with the second and third authors reviewing and validating the 
selection process and extracted data.

4.4. Data extraction and synthesis procedures

Data extraction was performed according to a set of classification 
schemes, which will be illustrated within the specific sections of the 
results section (Section 5). All the information has been recorded by the 
first author in a Spreadsheet, after piloting the schemes together with 
the other two authors on a subset of the papers retrieved during the pi-
lot searches. The Spreadsheet was used to collect statistical information 
from the classified data, which is used to answer our research questions 
RQ 1–RQ 4. For RQ 5 (challenges) and RQ 6 (benefits), we performed 
thematic analysis (Braun and Clarke, 2021; Bano and Zowghi, 2015) 
to classify the benefits and challenges of model transformation and 
property preservation. We created another Spreadsheet categorizing the 
main themes of benefits and challenges. All the Spreadsheets produced 
are available in our permanent repository (Jadoon, 2024–2025).

Based on the Spreadsheets associated to the classification schemes, 
we provide visual analytics using pivot tables and graphical diagrams 
to represent different aspects of the extracted data entered by the 
extractor, such as transformation type, transformation language, source 
and target languages used, properties, etc. The other authors reviewed 
and crosschecked the data.

5. Results

5.1. RQ 1.1: Studies by year

Our analysis begins by exploring the temporal distribution of studies 
that span from 2000 to 2024, highlighting the evolutionary trajectory 
of the field.

Fig.  3 answers RQ 1.1, illustrating the annual distribution of rele-
vant studies. It reveals a notable increase in research and application 
from 2010 onwards, indicating that the topic has seen a steady interest 
across the years.

3 The search string was updated for this revision and the numbers reported 
here concern a search performed on 2 April 2025.

4 Please recall that of the 20,700 studies returned by Google Scholar, we 
only analyzed the first 25 pages (cf. Footnote 2).
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Table 2
Quality checklist.
 Quality checklist Scale  
 1 Are the aims clearly stated? Yes/No/Partial 
 2 Are the proposed techniques adequately described? Yes/No/Partial 
 3 Was the study design appropriate concerning the 

research aims?
Yes/No/Partial 

 4 Are the data collection methods adequately 
described?

Yes/No/Partial 

 5 Are the statistical methods justified by the author? Yes/No/Partial 
 6 Are negative findings presented? Yes/No/Partial 
 7 Are all the study questions answered? Yes/No/Partial 
 8 Do the researchers explain future implications? Yes/No/Partial 
 9 Is the study published in a high-quality venue? Yes/No/Partial 
 10 Are statistical/analytical methods properly used to 

describe the data?
Yes/No/Partial 

 11 Are considerations for formal or theoretical 
approaches included?

Yes/No/Partial 

 12 Does the study account for practical 
implementation challenges?

Yes/No/Partial 
Fig. 2. Numerical results of the database search and snowballing.
Recent spikes in activity, especially evident in 2019 and 2021, 
can be attributed to influential conferences such as MoDELS (Ege and 
Tichy, 2019; Klare and Gleitze, 2019) and significant publications in 
high-impact journals such as IST (Information and Software Technol-
ogy) (Magalhaes et al., 2019), TSE (IEEE Transactions on Software 
Engineering) (Ameller et al., 2021), and SoSyM (Software and Systems 
Modeling) (Kahani et al., 2019), suggesting that the technologies de-
veloped in the earlier years had acquired the maturity needed to boost 
more interest and solid publications.

In addition, the integration of MDD into the development of mobile 
applications (Shamsujjoha et al., 2021) and IoT-based systems (Geis-
mann and Bodden, 2020) further fueled research interest, contributing 
to the peaks observed. This trend stresses the growing recognition of 
the field to streamline the development of emerging technologies.

5.2. RQ 1.2: Venue

Fig.  4 presents a breakdown of the publication venues, illustrating 
a slight trend towards conference presentations, which account for 105 
(52%) of all studies. This highlights the dynamic and rapidly evolving 
nature of the field, as conferences typically facilitate the immediate 
dissemination and discussion of cutting-edge research. However, jour-
nals also play a crucial role, contributing 93 (46%) of the publications 
and providing rigorous peer-reviewed platforms for in-depth research 
articles. Book articles have also been included in the review process.
7 
In particular, SoSyM emerged as a significant publication venue, 
hosting 17 (18%) of the journal articles. This reflects its status as 
a leading forum for scholarly discourse in model transformation and 
MDD in general.

In addition to conferences and journals, book chapters constitute a 
smaller portion of the literature, comprising only 4 (2%) of the total. 
However, the presence of book chapters indicates that the topic is suffi-
ciently consolidated in the MDD field, suggesting it has matured enough 
to warrant inclusion in comprehensive texts that provide overviews, 
detailed discussions, or specialized knowledge on the subject.

Among the conferences, MoDELS stands out significantly, contribut-
ing 15 (14%) of the research studies. This conference shapes the 
discourse and direction of research in MDD, including research on 
practical and theoretical aspects of model transformation and property 
preservation. The acronyms of journals and conferences are shown in 
Tables  3 and 4 for information, extracted according to Table  5.

The distribution and contribution by publication venues allows 
researchers and practitioners to better identify relevant sources of 
knowledge in the field, aligning their work with the most influential 
forums, and capitalizing on the collective expertise and insights shared 
within these communities.

5.3. RQ 1.3: Transformation language

Fig.  5 illustrates the frequencies of the transformation languages. It 
indicates that many studies do not explicitly identify the transformation 
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Fig. 3. Distribution of studies by year.
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Fig. 4. Statistics on publication venues.

Table 3
Journal acronyms. 
 Acronym Journal  
 SoSyM Software and Systems Modeling (17)  
 JLAMP Journal of Logical and Algebraic Methods in Programming (1)  
 TOSEM ACM Transactions on Software Engineering and Methodology (3) 
 ELS Engineering Languages and Systems (1)  
 TSE IEEE Transactions on Software Engineering (5)  
 ENTCS Electronic Notes in Theoretical Computer Science (2)  
 ECEASST Electronic Communications of the EASST (1)  
 JSS Journal of Systems and Software (8)  
 FAC Formal Aspects of Computing (5)  
 IST Information and Software Technology (5)  
8 
Table 4
Conference acronyms.
 Acronym Conference

 MoDELS Model Driven Engineering Languages and Systems (15)
 FASE Fundamental Approaches to Software Engineering (2)
 SEAA Euromicro Software Engineering and Advanced Applications (2)
 ICSE Int. Conf. on Software Engineering (2)
 ICSR Int. Conf. on Software Reuse (2)
 ICEIS Int. Conf. on Enterprise Information Systems (4)
 MODELS-
WARD

Model-Based Software and Systems Engineering (3)

 IFM International Conference on Integrated Formal Methods (1)
 VaMoS Variability Modeling and Simulation (2)
 ICCIS Int. Conf. on Computational Intelligence and Security (3)
 ECBS Engineering Computer-Based Systems (1)
 ITCC Information Technology: Coding and Computing (1)
 ICMT Int. Conf. on Model Transformation (1)
 ICFEM Int. Conf. on Formal Engineering Methods (1)
 ECMFA European Conf. on Modeling Foundations and Applications (3)

language used. This lack of specification could suggest either a focus on 
modeling concepts rather than specific tools or a reliance on custom or 
implicit approaches to transformation that are not formally defined.

Formal Logic emerges as the second most frequently cited category, 
with 42 mentions (21%), highlighting its significant role in underpin-
ning model transformation techniques. Its popularity suggests a strong 
reliance on logical frameworks to ensure precision, correctness, and 
verifiability in transformation tasks.

ATL (Atlas Transformation Language), cited 23 times (11%), is 
widely recognized for its declarative approach to model transformation. 
Its prominence indicates its versatility and efficiency in practical appli-
cations, particularly in the context of uni-directional transformations.
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Fig. 5. Transformation languages.
Table 5
Data extraction categories for RQ 1.2.
 Venue RQ 1.2
 Conference name
Journal name

The conference to which a research study belongs.
The journal to which a research study belongs.

Graph model is referenced 16 times (8%), reflecting its popularity 
in visual modeling scenarios. This category highlights the importance 
of user-friendly, visual representation techniques of attributed graph 
transformation (AGGs) and triple graph grammars (TGGs) for defin-
ing transformations, making it accessible for practitioners working on 
complex models.
9 
 
 

Programming Languages (15 mentions, 7%) and QVT (9 mentions, 
4%) represent general-purpose and standard transformation tools, re-
spectively. Meanwhile, Epsilon and DML (Domain Modeling Language), 
each cited 4 times (2%), show their relevance in niche contexts or 
specific domains.

Despite being inherently unidirectional and lacking built-in ver-
ification mechanisms, ATL still emerged as one of the most widely 
used model transformation languages in the surveyed literature. This 
widespread adoption can arguably be attributed to ATL’s mature tool-
ing support, extensive documentation, and large user community, 
which makes it accessible and practical for a wide range of transfor-
mation tasks. Moreover, practitioners often address the unidirectional 
nature of ATL by implementing paired transformations—one for the 
forward and one for the backward direction—to maintain consistency 
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Table 6
Data extraction categories related to RQ 1.3.
 Modeling
Language

RQ 1.3  

 Source Model 
Language

Modeling language of the source model like UML (Troya et al., 2018), OCL (Object 
Constraint Language) (Wijs and Engelen, 2012), AADL (Architecture Analysis and 
Design Language) (Qiuyan et al., 2011; Wei and Shuyu, 2013), and Programming 
Languages (Beyer and Lemberger, 2017; Abate et al., 2019).

 

 Target Model 
Language

Modeling language of the target model like B (Arrassen et al., 2012), BPMN 
(Business Process Modeling Notation) (Aït Ameur and Aït-Sadoune, 2012; Dechsupa 
et al., 2019), MTP (Model Transformation Profile) (Magalhães et al., 2016), and 
Ecore (Greiner et al., 2017).

 

Table 7
Data extraction categories related to RQ 1.4.
 Type of Model
Transformation

RQ 1.4  

 Endogenous
Transformation

Model Transformation resulting in dynamic system modeling 
referring any functional change (Macías et al., 2019; Antignac 
et al., 2018).

 

 Exogenous
Transformation

Model Transformation resulting in static system modeling referring 
structural change (Troya et al., 2018; Hilken et al., 2018).

 

 Horizontal
Transformation

Transformation resulting in high-level abstract system models (Wijs 
and Engelen, 2012; Magalhães et al., 2016).

 

 Vertical
Transformation

Transformation resulting in low-level basic system models (Klare 
and Gleitze, 2019; Esbai and Erramdani, 2015).

 

 Syntactic
Transformation

Transformation resulting in low-level basic system models (Iqbal 
and Al-Azzoni, 2022; Asztalos et al., 2010).

 

 Semantic
Transformation

Transformation resulting in low-level basic system models (Reder 
and Egyed, 2012; Jilani et al., 2014).

 

between models. This approach enables ATL to be employed effectively 
in scenarios that demand synchronization-like behavior, despite not 
being a native bidirectional language.

In contrast, several other transformation languages and tools of-
fer native support for bidirectional transformations and formal veri-
fication, thus aligning with the goals of model synchronization and 
property preservation (Fritsche et al., 2021). QVT—in particular its 
Relations variant—supports declarative specifications and bidirection-
ality, making it suitable for ensuring round-trip consistency. Hen-
shin (Arendt et al., 2010), designed for in-place transformations, sup-
ports graphical syntax and leverages critical pair analysis to enable 
formal verification of transformation rules. eMoflon (Weidmann, 2018) 
employs TGGs to support bidirectional transformations with formal 
consistency guarantees. VIATRA (Visual Automated model Transforma-
tions) (Mkaouar et al., 2022) offers solver-based approaches for consis-
tency maintenance and has seen significant use in formal verification 
contexts.

Figs.  6 and 7 further detail the source and target languages used 
in the transformations, also listed in Table  6. When comparing source 
and target modeling languages, notable differences emerge. UML dom-
inates the source modeling landscape, with 58 mentions (29%), but is 
significantly less common as a target modeling language, where DSLs 
take the lead with 35 mentions (17%). This suggests that UML often 
serves as a general-purpose input for transformations, while DSLs are 
favored for generating specialized outputs.Graph model maintains a 
strong presence in both source (26 mentions, 13%) and target (25 
mentions, 12%) modeling, reflecting its versatility and usability across 
both ends of the transformation process. Similarly, Formal Logic ap-
pears prominently in target languages (25 mentions, 12%) but is less 
common in source models (13 mentions, 6%), highlighting its role in 
ensuring rigor and correctness at the output stage. The ‘‘Not speci-
fied’’ category indicates either endogenous transformations within the 
same transformation language or the absence of any discussion on the 
modeling language (Babaei and Dingel, 2023; Cheng and Tisi, 2017). 
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Additionally, there were instances where the main emphasis of the 
study was on transformation techniques, verification approaches, or 
semantic mapping strategies, without explicitly stating the source or 
target modeling languages (Meyma et al., 2023; Batot and Sahraoui, 
2016). These patterns underline the complementary nature of these 
modeling languages, with UML and DSLs frequently shaping source 
and target models, respectively, and Graphical Syntax bridging both 
domains.

Fig.  8 shows a model representation graph that reveals key trends 
in the adoption of various modeling paradigms. UML metamodels dom-
inate with 41 occurrences (20%), emphasizing their role as a standard 
in modeling due to their versatility and extensive tool support. Graph 
Models follow with 26 mentions (13%), showing their importance in 
representing structural relationships and dependencies within models. 
Class Model ranks third, with 22 mentions (11%), highlighting their 
frequent use in modeling system behavior and dynamic transitions. 
Feature Models, cited 11 times (5%), are notable for their application 
in variability modeling, particularly in SPL. These dominant represen-
tations showcase a balance between general-purpose and specialized 
models, each serving distinct needs, while less frequently mentioned 
representations cater to specific applications.

5.4. RQ 1.4: Transformation type

Model transformations can be classified into distinct types based 
on their scope and purpose (Czarnecki and Helsen, 2006; Mens and 
Van Gorp, 2006) (cf. Table  7).

Endogenous and Exogenous Transformations: Endogenous trans-
formations modify models within the same language, focusing on re-
finement or improvement (Macías et al., 2019; Antignac et al., 2018; 
El-Sharkawy et al., 2019; Bachmann and Clements, 2005). Exogenous
transformations, on the other hand, translate models between different 
languages, enabling interoperability across tools and domains (Troya 
et al., 2018; Hilken et al., 2018).
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Fig. 6. Source languages.
Horizontal and Vertical Transformations: Horizontal transforma-
tions operate at the same abstraction level (van Amstel et al., 2008; 
Jadoon et al., 2019), whereas vertical transformations bridge different 
levels, such as from abstract designs to concrete implementations or 
vice versa (Klare and Gleitze, 2019; Esbai and Erramdani, 2015).

Syntactic and Semantic Transformations: Syntactic transforma-
tions change the format or structure of a model without altering its 
meaning (Yang et al., 2024; Krzywicki et al., 2021). In contrast, seman-
tic transformations ensure that the essential behavior or properties of 
the model are preserved during the transformation (Cuadrado et al., 
2017; Daniel et al., 2021; Moon et al., 2005).

Fig.  9 showcases the distribution of various transformation ap-
proaches used in the reviewed studies. Semantic transformations dom-
inate with 51 occurrences (25%), highlighting their significant role 
in capturing meaning and intent during transformations, particularly 
11 
in ensuring the accuracy and consistency of the output models. Ver-
tical transformations, cited 44 times (22%), reflect their importance 
in refining or deriving detailed representations from abstract models. 
Horizontal transformations appear 22 times (11%), depicting their 
relevance in translating between models at the same abstraction level, 
often for interoperability or system integration.

Exogenous transformations are noted 31 times (15%), indicating 
their frequent use in mapping between models of different domains 
or languages. In contrast, Endogenous transformations, with 38 men-
tions (19%), point to their more specialized application in transfor-
mations within the same modeling language or domain. Syntactic 
transformations, cited 16 times (8%), showcase their role in structural 
or rule-based modifications. This distribution emphasizes the vary-
ing applicability of transformation types, with semantic and vertical 
approaches being the most prevalent.
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Fig. 7. Target languages.
5.5. RQ 1.5: Evaluation type

This subsection emphasizes the methodologies used to evaluate 
studies within the domain of model transformation and property preser-
vation, highlighting the latest trends in research evaluation.

Fig.  10 provides an overview of the evaluation methodologies used 
in the reviewed literature. Case Studies dominate with 62 occurrences 
(31%), highlighting their vital role in demonstrating the practical 
application and effectiveness of proposed methods or frameworks in 
real-world scenarios. Rigorous Analysis, with 49 mentions (24%), is 
the second most prevalent type, reflecting the emphasis on thorough, 
theoretical evaluation to ensure the validity and reliability of the 
findings.

Discussions, cited 34 times (17%), highlight their importance in 
synthesizing and analyzing existing knowledge, offering valuable in-
sights, or proposing future directions for research. Example Studies, 
12 
appearing 26 times (13%), showcase their utility to illustrate specific 
use cases or simplified scenarios to explain methodologies. Meanwhile, 
Experimental Studies using Software Subjects, with 11 mentions (5%), 
show a smaller but notable focus on empirical evaluation via software 
simulations or prototypes. Lastly, Experimental Studies using Human 
Subjects are rare, with just 1 occurrence, suggesting limited engage-
ment with user studies or human-centric evaluations in the reviewed 
work. This distribution indicates a strong preference for theoretical 
and case-driven evaluations, with limited emphasis on experimental or 
empirical studies.

Awareness of the various evaluation methods used in the studies, 
as shown in Table  8, allows for researchers to better understand the 
depth and rigor of the research on model transformation. It also helps 
to identify which methods are most effective in different contexts, guid-
ing future studies towards adopting the most appropriate evaluation 
strategies to validate their findings.



G. Jadoon et al. The Journal of Systems & Software 230 (2025) 112508 
Fig. 8. Model Representation.
5.6. RQ 2: Model properties

The considered model properties include model consistency, syn-
tax and semantics, functional and non-functional behavior, maintain-
ability and reusability, and transformation verification (cf. Table  9). 
These properties are classified based on their quality scope defined by 
ISO/IEC 25010 such as functional quality, structural quality (model 
consistency, syntax, and semantics), non-functional quality (non-
functional behavior, reliability, model verification), maintainability, 
and portability (reuse) (Estdale and Georgiadou, 2018).

Consistency Management is the most frequently addressed property, 
with 66 occurrences (33%) as shown in Fig.  11, reflecting its key role 
in ensuring alignment and coherence between models during and after 
transformations. This prominence shows the importance of maintaining 
system integrity in model transformations. Transformation Verification, 
13 
with 50 mentions (25%), is the second most focused property, indicat-
ing a strong emphasis on validating the correctness and reliability of 
transformation processes.

Non-functional behavior, cited 49 times (24%), highlights its im-
portance in addressing performance, scalability, and other quality at-
tributes of systems. Syntax and Semantics, appearing 19 times (9%), 
point to the necessity of ensuring structural correctness and meaningful 
interpretation of transformations. Functional and Non-Functional Be-
havior, with 14 mentions (7%), indicates efforts to balance these two 
dimensions for comprehensive evaluations. Finally, Maintainability and 
Reuse, with only 4 mentions (2%), suggests limited attention in this 
area, pointing to potential opportunities for further research.

Overall, the data reveals a strong focus on ensuring correctness, 
quality, and consistency, and less emphasis on aspects like maintain-
ability and reuse.
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Fig. 9. Transformation types.
Fig. 10. Type of study.
5.7. RQ 3: Techniques used for property preservation and verification

Table  10 lists the different types of techniques identified. We cate-
gorize them into five major classes based on a comprehensive review 
and synthesis of the methodologies commonly employed in model 
transformation research. These classes, including formal verification, 
regression analysis, system testing, module testing, and unit testing, 
were derived by examining the primary objectives and scope of the 
verification methods reported in the literature.

Fig.  12 provides an overview of the methodologies used to ensure 
the accuracy and correctness of model transformations. System Testing 
is the most prevalent approach, with 100 occurrences (50%), emphasiz-
ing its importance in validating the overall functionality and behavior 
of the system under realistic conditions. Module Testing, cited 51 times 
(25%), follows as the second most common method, reflecting its role 
in verifying the correctness of individual components or modules in 
isolation before integration.
14 
Formal Verification, appearing 34 times (17%), highlights the use 
of rigorous mathematical methods to prove the accuracy of transfor-
mations, particularly in safety-critical or high-assurance domains. Unit 
Testing, with 10 mentions (5%), focuses on testing smaller, specific 
parts of the transformation logic, ensuring localized correctness. Re-
gression Analysis, cited 7 times (3%), is employed to verify that changes 
or updates do not introduce new defects.

The distribution of these approaches (cf. Table  11) shows a strong 
preference for techniques like system and module testing, while formal 
methods and lower-level testing are applied more selectively in specific 
contexts.

5.8. RQ 4: Verification tools

To address RQ 4, we explore the tools used for the verification 
of models in the context of MDD. The diversity in tool usage shows 
the varying requirements based on the model type and verification 
process’s specific needs.
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Fig. 11. Model properties.
Fig. 12. Property verification and preservation classes.
This broad spectrum of tools, as shown in Table  12, highlights the 
multidimensional nature of tools, catering to a range of complexity 
levels and specific requirements. The choice of a verification tool 
is usually influenced by the expertise of the verification team, the 
complexity of the model, and the specific attributes of the model that 
require verification.

Our results indicate that a significant number of the studies rely on 
manual approaches to verify the model, indicating that a significant 
portion of the research does not specify any tool support, and suggest-
ing that several approaches are still at the early proposal stage, and did 
not achieve the level of maturity required to implement them in a tool.

The category Modeling Tools includes various tools for the cre-
ation and visualization of data and models. These tools often support 
specific modeling languages like UML, which is the primary underly-
ing representation for tools like UML RT (Babaei and Dingel, 2023), 
StarUML (Jadoon et al., 2019), and IBM Rational Rose (Egyed, 2010).

Transformation Tools are specifically designed to perform model 
transformations in MDD. These transformations are essential in au-
tomating various stages of software development, such as converting 
high-level design models into lower-level implementation models or 
15 
generating executable code from models. Tools such as eMoflon (Weid-
mann, 2018), AADL Verification Tool (Hu et al., 2015), CDTrans (Höll-
dobler et al., 2015), and Groove (Ege and Tichy, 2019) automate the 
transformation process, reducing the potential for human error and 
speeding up the development process.

Among Verification and Validation Tools, model checkers such as 
UPPAAL (Basile et al., 2019) and NuSMV (Daw et al., 2014) are 
prevalent, mainly due to their robustness in handling complex verifica-
tion scenarios involving temporal and logical properties. Tools such as 
AnAtlyzer (Lukács and Bartha, 2022) and Vitruvius (Klare and Gleitze, 
2019) emphasize rigorous verification methods, often incorporating 
logical theorems that prove to ensure the correctness of model trans-
formations. These tools are vital for applications requiring high levels 
of assurance, such as safety-critical systems. Other verification tools, 
including USE ModelValidator (Hilken et al., 2018) and MTB (Troya 
et al., 2018), provide interactive environments for property verifica-
tion, allowing more flexibility and user control during the verification 
process.

Domain-specific Tools are particularly designed to cater to the unique 
needs of a particular domain. These tools are typically built around 
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Table 8
Data extraction categories related to RQ 1.5.
 Type of Study& 
Evaluation (Chen and 
Babar, 2011)

RQ 1.5  

 Case Study An empirical inquiry that investigates a phenomenon 
within a real-life context (Reder and Egyed, 2012; 
Jilani et al., 2014).

 

 Survey A list of questions aiming to solve a specific problem 
(Ameller et al., 2021).

 

 Discussion Provided some qualitative, textual opinion (van 
Amstel et al., 2008; Zhu and Liu, 2009).

 

 Rigorous Analysis Rigorous derivation and proof for formal models 
(Abbas et al., 2021; Somogyi and Mezei, 2023).

 

 Action Research The researcher solves a real-world problem while 
having experience solving it.

 

 Example Study Authors describe an application and provide an 
example to assist the description, but the example is 
used to ‘validate’ or ‘evaluate’ as far as the authors 
suggest (Jadoon, 2024; Bilic et al., 2020).

 

Table 9
Data extraction categories.
 Model properties RQ 2  
 Maintenance and Reuse Study related to transformation maintenance 

and model portability (Le Calvar et al., 2019; 
Castellanos et al., 2015).

 

 Consistency Checking Study related to model property preservation 
such as consistency checking (Reder and 
Egyed, 2012; Braga et al., 2014).

 

 Functional and Non-
functional Properties

Study related to functional and non-functional 
aspects of model transformation (Diskin et al., 
2018; Wada et al., 2008).

 

 Syntax and Semantics Study related to model language syntax and 
semantic properties (Liu et al., 2010; Le et al., 
2013).

 

 Transformation Verification Study related to property preservation and 
model correctness properties (Schneider et al., 
2024; Hidaka and Tisi, 2024).

 

 Non-Functional Behavior Study related to properties like performance, 
privacy, traceability, scalability and model 
conformance (Esbai and Erramdani, 2015; 
Le Calvar et al., 2019; Narayanan and Karsai, 
2008; Liu et al., 2005).

 

DSLs, which are specialized languages tailored for specific applica-
tion areas and are easier for domain experts to use compared to 
general-purpose programming languages (e.g., TypeChef Le et al., 
2013, DSLTrans Oakes et al., 2015, Simcan2Cloud Bernal et al., 2019, 
etc.). Among these tools, DOPLER (Vierhauser et al., 2010b; Feichtinger 
and Rabiser, 2020), FAMA Tool (Lopez-Herrejon and Egyed, 2012), and 
FeatureIDE (Guo et al., 2012) are utilized by the researchers to manage 
variability models.

5.9. RQ 5: Challenges in property preservation

We now highlight the challenges associated with the preservation 
of properties in MDD, drawing on classified and analyzed data using 
thematic analysis (Braun and Clarke, 2021; Bano and Zowghi, 2015). 
The challenges are presented in Table  B.14 in Appendix  A.

Some of the challenges pertain System Inconsistency, which is the risk 
of consistency issues among models, or within models. These can be 
due to the ambiguity of model artifacts caused by the absence of formal 
semantics for the languages adopted, but also due to other factors, like 
the use of too many languages that can make it difficult to ensure 
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consistency or issues associated with model changes that can make it 
difficult to maintain consistency.

Other challenges are associated with Error Detection. The generation 
of test data when adopting transformation testing can lead to errors that 
are hard to detect. In addition, errors have been observed to remain 
undetected in the models even after several iterations, which indicates 
the poor ability of the techniques to identify all existing errors.

Challenges in Modeling Languages are mainly due to insufficiencies of 
the different languages used for source and target models. In particular, 
some languages do not support different levels of semantics, and very 
frequently, the semantics is not explicitly defined due to the use of 
semi-formal or non-formal languages. Table  B.14 depicts some broader 
categories of these challenges and associated subcategories based on 
the thematic analysis. This table is presented in the appendix.

Non-functional quality attributes such as performance, security, reli-
ability, scalability, and maintainability present significant preservation 
challenges. These challenges often arise from the inherent trade-offs 
between competing properties, which can impact the overall design of 
the system and the user experience.

5.10. RQ 6: Benefits of property preservation

Finally, we explore the advantages of property preservation in 
MDD, detailing how these benefits enhance the transformation process 
and contribute to overall system quality. By subjecting the analyzed 
data to thematic analysis (Braun and Clarke, 2021; Bano and Zowghi, 
2015), we identified several key benefits that are instrumental in the 
development and reuse of transformation models.

The basic edges of property preservation identified after thematic 
analysis are transformation abstractions, conceptual models, intensive 
views, transformation chains, and intents. These artifacts play an im-
portant role in transformation development and reuse. The predefined 
constraints help the developers to maintain integrity and standards 
among the model transformations. Various formal approaches are also 
embedded in model transformations to maintain their accuracy and 
reliability, such as formal languages, formal refinements, and formal 
defect detection and prevention.

The role of DSLs is explicitly defined as a subset of transformation 
languages, specifically tailored to the domain of model transforma-
tions, providing domain-specific syntax and semantics for precise and 
reusable operations. Automated tools are also available that efficiently 
validate and verify specific transformations. These model transforma-
tions provide consistent models that conform to the source and target 
meta-models and support maintenance and reuse.

Variability management in transformations also benefits from fea-
ture modeling by providing a systematic and structured way to rep-
resent, manage, and implement the configurable aspects of a product 
family in SPLs. Feature models serve as a blueprint for product config-
uration, allowing stakeholders to select or deselect features to create 
specific product variants. They ensure that each variant adheres to the 
desired functional and non-functional properties by linking features 
to corresponding attributes. This linkage helps in validating that im-
portant properties like performance, security, and reliability are not 
compromised during product derivation.

The main benefits are presented in Table  B.15 in Appendix  B. These 
benefits are classified into subclasses based on the themes extracted 
for each category. These benefits collectively improve the correctness, 
efficiency, and adaptability of MDD practices, emphasizing the crucial 
role of property preservation in ensuring the longevity and relevance 
of models in evolving technological landscapes.

6. Summary and discussion

In this section, we focus on the empirical findings of our study and 
their importance within the MDD domain. We begin with a brief sum-
mary of the results corresponding to each RQ. Subsequently, we explore 
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Table 10
Data extraction categories related to RQ 3.
 Class Verification Approach Description  
 

Module
Testing

Transformation Rules (Antignac 
et al., 2018)

Model evaluation using flexible and generic 
transformation rules as graph chains.

 

 OCL Constraints (Reder and 
Egyed, 2012; Boronat, 2017)

Using object constraint language rules to verify 
the output behavior of the model.

 

 Semantic Translation (Combemale 
et al., 2007)

Using language’s semantic translation for 
translating target to source constraints.

 

 Rule Iteration Algorithm (Liu 
et al., 2005)

Using rule iteration and schedule algorithm for 
transformation definition meta-model.

 

 ConsistencyConstraints (Le Calvar 
et al., 2019; Stünkel et al., 2021)

Using scalable consistency management 
concepts for variability models in SPLs.

 

 Feature Constraints (Gwasem 
et al., 2023)

Using feature modeling rules in SPL 
engineering.

 

 
Formal
Verification

Mathematical Analysis (Paige 
et al., 2007)

Using any formal verification methodology 
such as propositional logic to verify the system 
model.

 

 Propositional Logic (Asztalos 
et al., 2010)

Using propositional and predicate logical 
inferences for model verification.

 

 Theorem Proving (Aït Ameur and 
Aït-Sadoune, 2012)

Using formal theorem proving to verify model 
properties.

 

 Systematic Reification (Almeida 
et al., 2019)

Using conventional 2-level modeling techniques 
to preserve multi-level semantics.

 

 Test-based falsification (Beyer and 
Lemberger, 2017)

Using statistical tests to validate a model’s 
output behavior by drawing inferences.

 

 Unit
Testing

Manual Inspection (Hinkel et al., 
2019)

Using manual static or dynamic analysis to 
verify the system model.

 

 
System
Testing

Two-level Inspection (Wang et al., 
2008)

Using model inspection by passing composite 
and complex models into already defined 
model patterns.

 

 Trace-based Analysis (Westfechtel 
and Greiner, 2018)

Using trace propagation for mapping alterations 
in multi-variant models.

 

 Test case generation (Hilken 
et al., 2018)

Building test suites for identification of model 
errors.

 

 
Regression
Testing

AADL Error Model (Qiuyan et al., 
2011)

Comparison with AADL error model to 
implement verified transformation from AADL 
to UML models.

 

 Mutation Technique (Selim et al., 
2012)

Using various alteration techniques to verify 
the model’s behavior.

 

 SpectrumFault Localization (Troya 
et al., 2018)

Fault localization based on spectrum analysis 
using test cases and the corresponding code 
coverage.

 

, 
the broader implications of these findings by discussing representative 
studies in each category linked to the RQs. These example studies 
were selected based on their superior quality scores derived from our 
evaluation process. This not only highlights the robustness of our study 
but also improves our understanding of the evolving landscape in MDD.

6.1. RQ 1. What are the demographic aspects of the primary studies in the 
field of model transformation?

Yearly Distribution: Research in model transformation emerged in 
the past two decades, showing significant growth, particularly since 
2015, highlighting the increasing relevance of MDD in modern tech-
nological contexts.

Venue Distribution: The field is prominently featured in confer-
ences such as MoDELS, ICEIS, VaMoS, and SETIT, and in journals 
including SoSyM, TOSEM, and TSE. A predominant share of the work 
(105 studies, 52%), is published in conferences, whereas a signifi-
cant almost equal share (93 studies, 46%) appears in journals. As 
conferences have historically been the predominant venues for pub-
lishing research in software engineering, including MDD however, 
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we have also observed a gradual shift towards journal publications 
in recent years, consistent with trends in other software engineering 
sub-disciplines. This shift can be attributed to the growing emphasis 
on rigorous evaluations, methodologies, and reproducibility, which 
journals are better equipped to accommodate.

Transformation Languages: Formal Logic, with 42 mentions (21%)
emerges as a significant category, reflecting its essential role in ensuring 
precision and correctness in transformation tasks. The visibility of 
Formal Logic suggests a strong reliance on rigorous, theoretical frame-
works to support transformation techniques, particularly in contexts 
demanding verifiability and consistency. Similarly, ATL, cited 23 times 
(11%), demonstrates its importance as a widely used language for 
model transformations. Its efficiency and versatility make it a good 
choice for practical applications in MDD. Graph model, referenced 
16 times (8%), highlights the growing preference for intuitive, visual 
techniques that make complex transformations more accessible to 
practitioners. Additionally, QVT, BPEL, B, Ecore, Java, and C++ are 
also utilized, albeit less frequently.

A substantial portion of studies fail to explicitly specify the trans-
formation language used, as evidenced by the ‘‘Custom Rules’’ category 
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Table 11
Data extraction categories.
 Classes of verification approaches RQ 3  
 Unit Testing Verification of individual model units 

(Hutchesson and McDermid, 2011; Stevens, 
2010).

 

 Module Testing Verification of model components and 
artifacts (Wijs and Engelen, 2012; Fleurey 
et al., 2004; Chen et al., 2013).

 

 System Testing Verification of functional and non-functional 
aspects of model (Hülsbusch et al., 2010; 
Gerpheide et al., 2016).

 

 Regression Analysis Verification of model properties after 
incorporating changes (Babaei and Dingel, 
2023; Qiuyan et al., 2011; Iqbal and 
Al-Azzoni, 2022).

 

 Formal Verification Verification of model properties using 
formal techniques such as theorem proving 
and model checking (Alshalalfah et al., 
2023; Aït Ameur and Aït-Sadoune, 2012; 
Daw et al., 2014; Andraus and Sakallah, 
2004; Fernandez Adiego et al., 2015).

 

dominating the results. This category is used to classify studies where 
the transformation logic is defined using ad hoc or implementation-
specific rule sets that do not conform to a standardized model trans-
formation language, such as ATL, QVT, or TGG. This trend highlights a 
need for greater clarity and standardization in reporting the tools and 
languages used in model transformations.

Transformation Types: The distribution of transformation types 
shows that semantic transformations (51 occurrences, 25%) and ver-
tical transformations (44 occurrences, 22%) are among the most fre-
quently applied approaches. This reflects a strong emphasis on refining 
abstractions and ensuring semantic preservation across different levels 
of model representation.

The use of endogenous transformations (38 occurrences, 19%)—whe
source and target models belong to the same language—and exogenous 
transformations (31 occurrences, 15%)—which involve mappings be-
tween different languages—demonstrates the ongoing relevance of both 
intra-language evolution and cross-language interoperability in MDD.

These results emphasize the importance of selecting the appropriate 
transformation type based on the task’s requirements. While semantic 
transformations ensure consistency and accuracy, vertical transforma-
tions enable abstraction refinement, and horizontal and exogenous 
transformations address integration challenges. Future work could ex-
plore underutilized approaches, like horizontal transformations, to ad-
dress intra-domain refinement needs or enhance the structural validity 
of models through syntactic transformations.

Evaluation Types: The distribution of evaluation types reflects 
a strong preference for theoretical and case-driven evaluations, with 
case studies included 62 times (31%) and rigorous analysis appear-
ing 49 times (24%). This highlights the importance of demonstrating 
practical relevance through real-world scenarios and ensuring rigorous 
theoretical validation in model transformation research. Discussions, 
with 34 mentions (17%), further emphasize their role in synthesiz-
ing knowledge and proposing future directions, adding depth to the 
research landscape. The relatively smaller use of example studies (26 
occurrences, 13%) highlights their utility in showcasing simplified use 
cases or specific methodologies.

However, the limited use of experimental studies points to a gap 
in empirical validation. Experimental studies using software subjects, 
with 11 mentions (5%), provide some empirical evidence through 
simulations or prototypes. In contrast, experimental studies involving 
human subjects, with just 1 occurrence, indicate a significant underrep-
resentation of human-centric evaluations, which could offer valuable 
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insights into real-world usability and adaptability of transformation 
techniques.

To advance the field, future studies should focus on experimental 
evaluations with software subjects to assess performance, scalability, 
and transformation accuracy under controlled conditions. Also, in-
corporating human-centric evaluations can provide valuable insights 
into usability, developer experience, and real-world adaptability of 
transformation tools and methods.

Significance of Model Transformation: Model transformation and 
property preservation are foundational aspects of MDD, supported 
by significant advancements in methodologies for property verifica-
tion and preservation (Braga et al., 2014; Brambilla et al., 2017; 
Samimi-Dehkordi et al., 2018; Meghzili et al., 2016). Research on 
model requirements demonstrates the feasibility of adopting certain 
methodologies akin to model specifications to address system mod-
eling challenges (Guerra and Soeken, 2013; Magalhaes et al., 2019; 
Jadoon et al., 2019; Moon et al., 2005; Liu et al., 2005; Lano et al., 
2019). Debnath et al. (2011), Flake and Mueller (2003) and Muliawan 
(2008) also advocate for enriching modeling specifications with se-
mantic extensions to enhance the refinement and maintainability of 
models.

Nguyen and Dang (2021) and Weidmann et al. (2019) utilize lin-
ear programming techniques and graph grammars to ensure consis-
tency and conformance between meta-models and contract models, 
addressing key challenges in model coherence.

Lano et al. (2018, 2021) propose automated methods for recording 
and analyzing model-to-meta-model mappings during model specifi-
cations, enabling more efficient and consistent MDD processes. Simi-
larly, Lúcio et al. (2016) introduce a framework defining six common 
transformation intentions, offering a comprehensive modeling struc-
ture. This framework is essential for identifying significant transforma-
tion properties and supports the effective management of transforma-
tions in industrial model-based systems.

6.2. RQ 2. What are the model properties considered?

The results provide insights into the key properties considered in 
the domain of MDD. These properties play a vital role in guiding the 
development, transformation, and evaluation of models. Below, we 
discuss the significance of each property, its implications for the field, 
and potential areas for improvement.

6.2.1. Model consistency: A key priority
Consistency is a fundamental property of model transformation, 

with a significant portion of research dedicated to it, representing 66 
occurrences (33%) on the topic (Neis et al., 2019; Reder and Egyed, 
2012; Braga et al., 2014; Le et al., 2013; Lopez-Herrejon and Egyed, 
2012; Guo et al., 2012; Lopez-Herrejon et al., 2010; Spanoudakis and 
Zisman, 2001; Rose et al., 2009). It ensures that model transformation 
ons preserve the necessary features as independent functionalities of 
the system particularly in bi-directional model transformations, where 
inconsistencies can compromise system integrity (Neis et al., 2019). 
The prominence of consistency management reflects the maturity of the 
research community in recognizing the challenges of maintaining syn-
chronized models across various abstraction levels and domains. Braga 
et al. (2014) emphasize the use of DSLs to build consistent models that 
comprehensively represent system complexities. Prior to the adoption 
of DSLs, OCL structural properties were primarily used, though they 
lacked coverage of behavioral aspects. Early error detection through 
consistent model transformations is necessary, but challenges such as 
model refactoring and merging demand scalable and validated de-
sign rules (Reder and Egyed, 2012; Mohagheghi et al., 2009). Rose 
et al. (2009) propose a method for tracking inconsistencies within 
the Eclipse Modeling Framework, enhancing automated consistency 
checks. Despite this strong emphasis, there is room for further inno-
vation, particularly in handling large-scale, complex systems where 
consistency issues become more pronounced.
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Table 12
Verification tools (unless indicated differently, tools occur only once).
 Category Tools RQ 4  
 
Modeling 
Tools

UML RT, StarUML (2), IBM Rational Rose (2), MagicDraw, 
REFINER, SysML Tool, Ark, Pluto, DREAM, Eclipse Process 
Framework (EPF), SPSS, DEMO ADO Tool, USE Tool, MARTE, 
Matlab, RTL, MS Visio, WebML, Prefuse, and xtUML

 

 Transformation 
Tools

eMoflon (6), Henshin (3), TGG Tool (4), CDTrans, Groove, 
Simulink, BPEL2EventB, Eclipse Agile UML Toolset, and Multecore

 

 Verification 
and Validation 
Tools

UPPAAL (5), AnAtlyzer (3), Vitruvius (2), USEModelValidator (2), 
NuSMV (3), MTB, DMOSES, ProB (3), SAT Solver, HADAS, PVS 
Toolkit, SPIN, MuJava, EclEmma, Motter, Vapor Tool, Test 
Generator Tools, TINA, EMF Plugin, mCRL2, SAT4j, Totem, 
TestGenerator Tool, and MODEST

 

 Domain-specific 
Tools

TypeChef, DSLTrans, Simcan2Cloud, Monticore, ML2-Editor, OIDE, 
Acceleo, AADL2TASM (2), HADAS, MARTE, Petri net Tool, BIP 
Tool, Simulink, Matlab, Ground Tram, Pluto, ViTAL, DOPLER (3), 
FAMA Tool, and FeatureIDE

 

Summary
A total of 105 studies (52%) are published in conferences; 93 studies (46%) are published in journals.
The majority of the studies are evaluated through case studies (62 studies, 31%) and rigorous analysis
(49 studies, 24%), while there is a limited number of experimental studies and surveys.
Dedicated venues (like MoDELS) allowed researchers to focus on core model-based artifacts.
Take-away messages
1. Semantic and vertical transformations dominate the field, but gaps in horizontal and syntactic
approaches present opportunities for further research.
2. Most studies prioritize case studies and rigorous analysis, with limited experimental validation,
particularly involving human subjects, highlighting a need for more empirical evaluations.
3. Established tools like ATL, Formal Logic, and UML are prevalent, but inconsistent reporting of
transformation tools and languages limits reproducibility and comparability.
6.2.2. Transformation verification: Emphasis on correctness
With 50 mentions (25%), transformation verification is the second 

most addressed property. Verification is vital in modeling to ensure that 
transformations produce correct and reliable outputs that adhere to the 
desired specifications (Wijs and Engelen, 2012; Antignac et al., 2018; 
Le Calvar et al., 2019; Narayanan and Karsai, 2008; Liu et al., 2005; 
Stevens, 2010; Paige et al., 2007; Cabot et al., 2010). This focus high-
lights the community’s commitment to establishing trust in automated 
processes and mitigating risks associated with faulty transformations.

Le Calvar et al. (2019) propose a performance evaluation frame-
work that assess the efficiency of model transformations by measuring 
the number of input models processed and the processing time. This 
framework offers a systematic approach to evaluating transformation 
performance, providing a systematic method for selecting effective 
transformation techniques.

Narayanan and Karsai (2008) and Stünkel et al. (2020) emphasize 
the need to verify property equivalence in graph models, using bi-
simulation techniques to check consistency between the input and 
output models. This approach allows for accurate comparison and 
evaluation of model properties.

Liu et al. (2005) address the challenge of maintaining the coherence 
of source/target models, advocating for the use of the ATLyzer tool 
to evaluate the integrity constraints, thereby ensuring conformance 
among models.

Stevens (2010), Giese and Wagner (2008) and Terayawan and 
Vatanawood (2019) support the concept of bi-directional transforma-
tions, to maintain consistency between source and target models, par-
ticularly when translating abstract transformations into more specific 
ones.
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Wijs and Engelen (2012) suggest an iterative verification approach 
to maintain model coherence, especially when features or functional-
ities are modified within the system. Paige et al. (2007) advocate for 
a model refinement approach that not only supports conformance but 
also aids in managing consistency between source and target models.

Techniques for verification often involve formal methods, test cases, 
or runtime checks (Chen et al., 2022; Mouakher et al., 2022; Ghaedi Hei-
dari and Ajoudanian, 2023). The relatively high number of mentions 
indicates significant research activity aimed at developing robust and 
scalable verification mechanisms. However, achieving comprehensive 
verification remains a challenge, especially for transformations in-
volving multiple interacting models or those with non-deterministic 
elements. Future research could explore lightweight yet effective veri-
fication techniques to make them accessible and applicable in diverse 
MDD scenarios.

6.2.3. Non-functional behavior: Addressing system quality
While functional correctness is foundational, non-functional re-

quirements determine the practicality and efficiency of model-driven 
solutions in real-world scenarios. The relatively high focus on non-
functional behavior suggests that researchers are paying attention 
to system attributes that go beyond correctness. However, achieving 
a balance between functional and non-functional goals remains a 
challenge.

Non-functional behavior, cited 49 times (24%), highlights the grow-
ing recognition of performance, scalability, and other quality attributes 
such as privacy, safety, traceability, variability, and reliability (van 
Amstel et al., 2008; Jadoon et al., 2019; Zhu and Liu, 2009; Bilic 
et al., 2020; Wada et al., 2008; Guo et al., 2012; Spanoudakis and 
Zisman, 2001; Fatwanto and Boughton, 2008; Munoz et al., 2021; 
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Syriani and Gray, 2012; Drave et al., 2022). Bilic et al. (2020) discuss 
the use of specific variability modeling languages for managing vari-
able properties in SPLs, highlighting that annotated variability models, 
though comprehensive, are prone to errors and can lead to model 
inconsistency.

To address potential inconsistencies, feature constraints extracted 
from variability models are analyzed and compared with the overall 
product line models, to detect and rectify inconsistencies or ambi-
guities (Spanoudakis and Zisman, 2001; Ayala et al., 2023; Daniel 
et al., 2021). Guo et al. (2012) emphasize the importance of quality 
management within product lines through effective feature modeling.

Diskin et al. (2018), Drawel et al. (2022) and Krystosik and Turlej 
(2006) highlight the role of vertical model transformations to ensure 
that the functional and non-functional quality attributes of a system, 
such as safety and security, are preserved. They use mathematical tech-
niques for rigorous model checking to maintain these properties. Wada 
et al. (2008) further elaborate on the non-functional aspects of web 
models, discussing elements like privacy, usability, availability, and 
performance, and how integrating service architecture can enhance the 
reliability of models.

Although certain bidirectional transformation languages, like TGGs
(Stünkel et al., 2021) and VIATRA (Mkaouar et al., 2022), embed mech-
anisms to maintain consistency, other quality attributes—including 
scalability, performance, maintainability, and usability—also need to 
be preserved during transformations. Achieving consistency and co-
herence may introduce trade-offs with other non-functional quality 
attributes, requiring careful management to balance these competing 
priorities.

6.2.4. Functional and non-functional behavior: A balanced approach
The combined consideration of functional and non-functional be-

havior, with 14 mentions (7%), indicates efforts to address both as-
pects in an integrated manner. Balancing these dimensions is essential 
for thorough evaluations in MDD. While functional correctness en-
sures the system operates as intended, non-functional considerations 
often determine the system’s quality and success in real-world appli-
cations (Meyma et al., 2023; Jadhav et al., 2024; Bernal et al., 2019; 
Dávid et al., 2016; Demuth et al., 2016).

The limited attention to this context highlights an opportunity 
for more holistic approaches that do not treat functional and non-
functional aspects in isolation. Future studies could explore frameworks 
that incorporate trade-off analyses to achieve optimized solutions.

6.2.5. Model syntax and semantics: Ensuring structural and interpretive 
validity

With 19 occurrences (9%), syntax and semantics represent the 
necessity of ensuring both structural correctness and meaningful inter-
pretations of model transformations. Syntax checks validate adherence 
to modeling notations and standards, while semantic analysis ensure 
that transformations preserve the intended meaning of the models (Le 
et al., 2013; Almeida et al., 2019; Hudson and Sprinkle, 2011; Klare 
et al., 2021).

Klare et al. (2021) propose a view-based semantic development 
approach as a solution for constructing well-defined and structured se-
mantics. This method facilitates the definition of semantic equivalence 
across models within a domain, aiding in consistent transformations.

Le et al. (2013) emphasize the essential role of semantics in ensuring 
that a model fulfills its intended functionality. Hudson and Sprinkle 
(2011) point out that semantic properties are often embedded into 
models using complex domain-specific objects, which are integrated 
into automated transformation patterns. These patterns allow develop-
ers to customize transformations, with adjustable attributes embedded 
in the models.

Almeida et al. (2019) highlight the challenges of maintaining se-
mantic integrity when translating multi-level meta-models into more 
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conventional two-level models. They recommend a systematic ap-
proach to modeling class types and their instances through reification, 
ensuring that the deep semantics of multi-level models are preserved 
during this simplification process.

Antignac et al. (2018) propose translating the semantics of source 
language constraints into target constraints based on the transformation 
principles to verify the integrity and correctness of the models.

Although this property is less frequently discussed compared to 
consistency and verification, its importance cannot be understated. En-
hanced research on semantic equivalence and interoperability between 
modeling languages could address current gaps.

6.2.6. Model maintainability and reuse: An underexplored area
Maintainability and reusability are essential attributes in modeling, 

yet only 4 studies (2%) have mentioned these aspects in MDD (Macías 
et al., 2019; Castellanos et al., 2015; de Lara et al., 2017; Boronat, 
2022). Maintainability ensures that models and transformations can 
be easily updated or extended, while reuse promotes the leveraging of 
existing assets to save time and effort.

Castellanos et al. (2015) introduce the concept of optimized reuse, 
where careful selection of model units for reuse ensures error mini-
mization and efficiency. The model units must meet specific pre- and 
post-conditions related to the source and target models to prevent 
complexities and potential errors, especially in scenarios involving 
extensive model transformations.

de Lara et al. (2017) highlight the significance of reusability in 
model transformation by proposing a framework that encapsulates 
transformations into reusable components. This approach enhances 
efficiency, thus reducing the effort, time, and cost associated with 
performing transformations for similar tasks. Additionally, they suggest 
segmenting system meta-models into smaller, more manageable parts, 
to improve maintainability and integration.

The lack of focus on these aspects might be due to the predominant 
emphasis on correctness and consistency, which are more immediate 
concerns. However, neglecting maintainability and reuse can lead to 
increased costs and reduced agility over time. Future research could 
aim to develop methodologies, tools, and metrics to evaluate and 
enhance these properties, especially in domains where the long-term 
evolution of systems is needed.

6.3. RQ 3. What are the techniques used to ensure that model properties 
are preserved in the transformation?

The study of techniques used to preserve model properties during 
transformations reveals various methods categorized into five major 
classes: formal verification, regression analysis, system testing, module 
testing, and unit testing. Each technique brings unique strengths and 
caters to specific requirements, reflecting the diverse nature of model 
transformation verification in MDD. Below is a detailed discussion of 
these approaches, their applications, and their implications.

6.3.1. System testing: Validating overall functionality
With 100 occurrences (50%), system testing is the most widely 

used technique for ensuring model properties are preserved. This tech-
nique validates the overall functionality and behavior of the system 
under realistic conditions. The emphasis on system testing reflects the 
need to ensure that transformed models meet both functional and 
non-functional requirements when integrated into larger systems.

Key techniques such as two-level inspection (Wang et al., 2008), 
trace-based analysis (Westfechtel and Greiner, 2018; Bessifi et al., 
2021), and test case generation (Selim et al., 2012) allow practitioners 
to simulate real-world scenarios and identify errors across the entire 
model.

Test case generation is a useful methodology in verification, par-
ticularly in test-driven development environments. It requires rigor-
ous verification based on generated test data to ensure model in-
tegrity. Selim et al. (2012) and Olajubu et al. (2017) explore the 
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Summary
The results demonstrate that most studies focus on consistency management methods
and the problems associated with inconsistent models, namely 66 (33%).
A total of 19 studies (9%) are related to the model’s syntax and semantic attributes.
A total of 63 studies (31%) are related to functional and non-functional property
management in which functional aspects and various other attributes are considered,
such as performance, traceability, verifiability, security, and changeability.
In contrast, only 4 (2%) of the studies are related to post-development properties,
such as maintainability and reuse.
Take-away messages
1. Consistency management is vital in MDD, ensuring alignment and coherence
between models, especially in complex bi-directional transformations.
2. Transformation verification and non-functional behavior highlight a strong
emphasis on correctness, reliability, and performance, reinforcing the importance
of quality assurance.
3. Maintainability and reuse receive limited attention, presenting opportunities
for research to improve system evolution and efficiency.
-

generation of search-based automated test cases, which focus on mea-
suring the branch distance of model transformations to identify the 
optimal path. This verification approach is versatile and applicable to 
various transformation languages, including ATL, B, and various DSLs.

Equivalence partitioning is another technique that is used to cate-
gorize test cases into classes based on their characteristics. Hilken et al. 
(2018) discuss the application of this method by deriving test cases 
from two equivalence classes defined by source and target models using 
OCL constraints. Each class contains equivalent models, and test cases 
are generated through a model validator tool, enabling bidirectional 
testing of model transformations.

Jilani et al. (2014) focus on black box testing for source meta-model, 
which complements white box testing used to cover the transforma-
tion implementation. This dual approach ensures complete verification 
across both the structure and behavior of the model.

These methods are particularly effective in large-scale systems with 
interconnected models, where localized testing may miss integration 
issues. Despite its popularity, system testing can be resource-intensive, 
requiring significant computational power and effort to develop ex-
haustive test cases.

6.3.2. Formal verification: Rigorous mathematical approaches
Formal verification, found 34 times (17%), employs mathematical 

methods to prove the correctness of model transformations, which is 
particularly significant in safety-critical and high-assurance domains 
such as aerospace, healthcare, and automotive, where errors can have 
catastrophic consequences.

The formal verification of model properties use broad spectrum 
of methodologies, incorporating advanced model-checking techniques 
that employ logical inferences, deductive verification, and algorithm 
checking to identify defects in models, each playing a vital role in 
ensuring model correctness (Klare and Gleitze, 2019; Cheng and Tisi, 
2017; Troya et al., 2018; Aït Ameur and Aït-Sadoune, 2012; Abbas 
et al., 2021; Braga et al., 2014; Calegari and Szasz, 2013; Prehofer, 
2016; Moffett et al., 2013; Liebrenz et al., 2018; Kang et al., 2013; 
Hadad et al., 2020). Other common methods include propositional 
logic (Asztalos et al., 2010), theorem proving (Aït Ameur and Aït-
Sadoune, 2012), and systematic reification (Almeida et al., 2019). 
These techniques offer high levels of confidence in transformation ac-
curacy by validating properties like consistency, semantic preservation, 
and adherence to constraints.
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Weidmann (2018), Barkowsky and Giese (2024), Fritsche et al. 
(2021) and Weidmann and Anjorin (2021) highlight the use of bidi-
rectional transformation tools, like eMoflon, which use TGGs to for-
mally link source and target models, thus effectively managing their 
consistency.

Furthermore, spectrum-based fault localization is employed to pre-
dict the presence of bugs in models based on test case data and the 
corresponding code coverage criteria. Troya et al. (2018) demonstrate 
that this technique provides superior fault localization compared to 
some existing practices by analyzing the effectiveness of the generated 
test cases in identifying defects.

Embedded systems, particularly hybrid control systems that exhibit 
both continuous and discrete behavior, pose significant challenges due 
to their complex and responsive nature (Krzywicki et al., 2021). These 
systems often rely on informal model semantics, complicating the main-
tenance of consistency, especially in tools like Simulink. Liebrenz et al. 
(2018) support the application of formal logic in the development of re-
liable embedded systems. They propose the use of differential dynamic 
logic to convert informal assertions into rigorously formalized language 
semantics, which can then be verified using theorem provers within 
Simulink. This approach not only supports the verification of both 
continuous and discrete properties, but also facilitates the automated 
generation of models in hybrid systems.

However, apart from several advantages, formal verification is 
resource-intensive and often requires specialized expertise, limiting its 
adoption to niche applications.

6.3.3. Unit testing: Localized validation
Unit testing, cited 10 times (5%), focuses on testing individual 

components of the transformation logic. It ensures that smaller, specific 
parts of the system function correctly, providing localized correctness.

Techniques like manual inspection (Magalhães et al., 2020b; Hutches
son and McDermid, 2011; Ameller et al., 2021; Gerpheide et al., 2016; 
Debnath et al., 2011) are used to verify model units, particularly in 
early development stages or for simpler systems. While unit testing 
is less comprehensive than other approaches, it plays a vital role in 
catching errors at the micro level before they propagate to higher 
abstraction levels. The main limitation of unit testing is its inability 
to address integration and system-wide issues.

6.3.4. Regression analysis: Preserving properties after changes
Regression analysis, with 7 mentions (3%), is employed to verify 

that modifications or updates to models or transformation rules do 
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Summary
A total of 100 studies (50%) focus on system-level testing of models, while 34 studies (17%) use a
formal verification approach for verification, and 10 studies (5%) use model units for verification.
In contrast, 7 studies (3%) focus on regression testing of the models. We see several verification
methodologies, ranging from dynamic formal methods to static code analysis procedures. However,
all these methods greatly depend on the model artifact being verified.
Take-away messages
1. System and module testing dominate as the preferred techniques in MDD,
emphasizing their effectiveness in validating higher-level functionality and integration.
2. Formal verification methods are critical for high-assurance domains but face limited
adoption due to complexity and resource demands, highlighting the need for more
accessible and automated tools.
3. Regression analysis and unit testing are underutilized, presenting opportunities for
research to enhance iterative model evolution and localized error detection.
 

 

 

 

 

 

not introduce new defects. This technique is particularly valuable in 
iterative development processes or when extending existing models.

Additionally, Magalhães et al. (2016) propose a Model Transforma-
tion Profile (MTP), and a transformation environment specifically de-
signed for model transformation development. They address challenges 
related to the changeability and maintenance of models, particularly 
when a transformation chain undergoes modifications or is reused. 
Their validation process demonstrates that this approach leads to the 
generation of executed transformation code that is not only reusable 
but also portable.

Approaches like mutation techniques (Cuadrado et al., 2017; Vier-
hauser et al., 2010b; Cuadrado et al., 2018; de Lara et al., 2017), AADL 
error models (Qiuyan et al., 2011; Mkaouar et al., 2022; Yang et al., 
2014), and spectrum fault localization (Troya et al., 2018) help ensure 
that changes in models preserve desired properties and ensure system 
correctness.

These verification approaches showcase differences in their focus: 
while some prioritize maintainability and reusability (e.g., MTP), others 
emphasize fault detection and validation (e.g., mutation techniques, 
AADL error models, spectrum fault localization). Despite their effective-
ness, regression analysis remains underutilized, particularly for large-
scale or evolving systems, highlighting the need for further research 
to enhance scalability, automation, and adoption of these verification 
techniques.

6.3.5. Comparison with related empirical work
In this section, we provide a comparative summary between the 

verification techniques identified in this study and those reported in 
prior empirical work (Höppner and Tichy, 2024), where the impor-
tance of model transformation language capabilities is assessed em-
pirically. This comparison underlines the alignment, differences, and 
relative strengths of each class of verification approach, offering insight 
into their practical adoption, methodological intent, and perceived 
effectiveness. The summary is presented in Table  13.

6.4. RQ 4. What are the different automated tools used to ensure that model 
properties are preserved in the transformation?

Model verification is a significant aspect of ensuring the accu-
racy and reliability of MDD processes. Various automated tools have 
been developed to facilitate this verification process, each designed 
to address specific aspects of model transformation and enhance the 
overall integrity of the process. These tools span various categories—
modeling, transformation, verification and validation, and domain—
specific tools—highlighting the diverse needs of MDD processes.

Interestingly, 74 of the studies (37%) opt not to use specialized tool 
assistance, relying instead on manual methodologies for verification.
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Table 13
Comparison with prior empirical work.
 Verification class Comparison with empirical findings from (Höppner and 

Tichy, 2024)
 System
Testing

Widely adopted in both empirical studies and practice. 
Valued for its ability to validate end-to-end functionality. 
Frequently used in large-scale or integration-heavy systems. 
Recognized for intuitive setup, though resource-intensive.

 Module
Testing

Seen as a balance between precision and scalability. 
Commonly used where modular architectures exist. 
Confirms usefulness in catching localized defects. 
Higher test coverage than unit testing in complex systems.

 Unit
Testing

Helpful in early-stage development. 
Limited in catching inter-component issues. 
Considered lightweight and easy to implement. 
Typically used together with broader testing techniques.

 Regression
Analysis

Often underutilized in empirical studies. 
Useful in iterative and incremental model transformation. 
Effective to find newly introduced bugs post-modification. 
Needs improved automation and scalability tools.

 Formal 
Verification

High accuracy but low adoption in practical settings. 
Steep learning curve and high tool complexity. 
Mainly used in safety-critical and high-assurance domains. 
Offers unmatched confidence in transformation correctness.

Tool Utilization: Tools like anATLyzer (Cuadrado et al., 2017), 
Vitruvius (Klare et al., 2021), and EMF plugins (Rose et al., 2009) 
are commonly employed for verification purposes. Other tools include 
ProB (Leuschel et al., 2011), Vapor (Andraus and Sakallah, 2004), 
Groove (Ege and Tichy, 2019), SPIN (Narayanan and Karsai, 2008), 
SysML (Bilic et al., 2020; Baouya et al., 2015; Lugou et al., 2016), 
Motter (Jilani et al., 2014), eMoflon (Westfechtel and Greiner, 2018; 
Weidmann, 2018), DSLtrans (Hölldobler et al., 2015), DEMO (Gray 
et al., 2020), Eclipse (Rose et al., 2009), MTB (Troya et al., 2018), 
Mujava (Selim et al., 2012), Totem (de Lara et al., 2017), UPPAAL (Daw 
et al., 2014), Simulink (Liebrenz et al., 2018), VIATRA (Csertán et al., 
2002), and IBM Rational Rose (Egyed, 2010). These suit various model 
types and primarily target ATL, Java, C++, or B transformation lan-
guages, offering IDEs for early bug detection, visualization, and resolu-
tion (Cuadrado et al., 2018, 2022; Almasri et al., 2022).

Specific Tool Functions: ProB offers automatic property verifica-
tion for formal B models, enhancing accuracy and efficiency (Ameller 
et al., 2021; Zhu and Liu, 2009; Leuschel et al., 2011; Yang et al., 2014; 
Zhang et al., 2017), with the potential for scalability to support large-
scale enterprise systems. UPPAAL is preferred for quantitative analysis 
and model simulation, while Simulink and its dynamic logic support 
excels in simulating hybrid systems (Basile et al., 2019).
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Summary
A total of 100 studies (50%) focus on automated tool support in transforming and
testing models, while 74 studies (37%) do not specify any tool usage.
Transformation tools, like eMoflon and Henshin, are widely used to automate
model-to-model transformations, reducing manual effort and improving efficiency.
Take-away messages
1. Tools like ProB, UPPAAL, Simulink, and eMoflon offer specialized functionalities
for formal verification, simulation, and consistency management, reflecting the diverse
demands of model verification tasks in MDD.
2. Despite significant progress in tool development, the gap between available tools
and the requirements of certain complex verification tasks suggests a need for ongoing
refinement and expansion of tool capabilities.
Application in Component-Based Development: UML state ma-
chine models are instrumental in testing communication protocols 
and capturing behavior of component ports that align with specified 
protocols. Tools like IBM Rational Rose effectively perform protocol 
conformance checking in embedded systems (Moffett et al., 2013; 
Gadelha Queiroz and Vaccare Braga, 2014; Chen et al., 2013). Addi-
tionally, graphical models facilitate error and defect identification at an 
abstract level through visualizations (Ege and Tichy, 2019; Schneider 
et al., 2024).

Challenges and Innovations: Despite the variety of languages 
available for modeling hardware systems, manual abstraction remains 
a challenge, often leading to potential errors and omissions. The Vapor 
tool addresses this by employing automated inferences to significantly 
reduce defects in functional properties (Andraus and Sakallah, 2004; 
Nguyen and Dang, 2018).

Automated tools are paramount for the verification of properties 
in complex embedded systems, playing a vital role in maintaining 
the reliability and accuracy of model transformations. The continuous 
development and refinement of such tools are necessary to overcome 
the challenges posed by manual interventions and enhance the ef-
fectiveness of model verification processes. Common requirements for 
transformation tools include scalability, accuracy, and usability. Tools 
must handle large-scale and complex models effectively, ensuring cor-
rectness and reliability while maintaining performance. Support for 
various modeling and transformation languages (e.g., ATL, B, Java, and 
UML) is essential to address diverse MDD requirements. Additionally, 
tools should provide IDEs with visualization, early bug detection, and 
resolution capabilities to facilitate ease of use for developers.

The need for a composite approach to resolve inconsistencies stems 
from the limitations of individual tools in addressing all aspects of 
model verification and property preservation. Inconsistencies can arise 
from various sources, such as ambiguity in model artifacts, language 
incompatibilities, or manual interventions. A composite approach inte-
grates multiple techniques such as formal verification, simulation, and 
automated defect detection to address these challenges exhaustively.

However, despite the advances in tool development, the reliance 
on manual methodologies by several studies highlights a significant 
gap in tool coverage or the complexity of certain verification tasks 
that automated tools have yet to fully address. Innovations such as the 
Vapor tool, Henshin, and eMoflon, which employ automated inferences 
to minimize defects, indicate ongoing efforts to bridge these gaps.

6.5. RQ 5. What are the challenges of model transformation and property 
preservation?

MDD faces significant challenges in preserving model properties 
during transformations. These challenges stem from system inconsis-
tency, limitations in modeling languages, error detection, and non-
functional quality attributes. These challenges are categorized into 
subcategories in Table  B.14. We defined six major subcategories, which 
we discuss in the next sections.
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6.5.1. System inconsistency
Inconsistency remains a challenge in model transformation, partic-

ularly evident when models are translated into higher-level transfor-
mations using declarative transformation rules (Hidaka and Tisi, 2024; 
Faunes et al., 2012). This inconsistency often results in non-persistent 
quality attributes and a weakened model structure, ultimately leading 
to an unmaintainable system with non-reusable components.

The primary issues associated with model inconsistency include 
ambiguity, redundancy, non-scalability, and poor model translation, as 
detailed in Table  B.14. Ambiguity in transformations can introduce sig-
nificant confusions in model intent and function, as noted by Antignac 
et al. (2018) and Hilken et al. (2018). Redundancy, highlighted by Le 
et al. (2013), Egyed (2010), Lano et al. (2018), Rose et al. (2009) and Li 
et al. (2020), not only bloats the model but also undermines structural 
integrity and consistency. Moreover, the challenges of non-scalability, 
highlighted by Cuadrado et al. (2017) and Troya et al. (2018), result 
in major difficulties in effectively managing complex models and web 
services.

Reder and Egyed (2012) and Wijs and Engelen (2013) emphasize 
the need for improved consistency management during model trans-
lation to mitigate errors that can arise from such transformation pro-
cesses. The persistence of certain errors, even after multiple iterations, 
highlight the challenges in detecting and correcting inconsistencies, as 
observed by Bilic et al. (2020).

Klare and Gleitze (2019) and Dávid et al. (2016) propose trans-
formation methodologies that establish clearer relations between in-
stances, aiming to ensure consistent verification in the generated tar-
get model. Furthermore, duplicated information within models can 
contribute to structural inadequacies, complicating the transforma-
tion process and requiring thorough management to preserve model 
integrity.

Addressing model inconsistency requires a composite approach that 
includes enhancing the clarity of model definitions, improving transfor-
mation tools and methods, and refining verification processes to ensure 
the integrity and maintainability of the transformed models. Hybrid 
verification methods can be utilized to offer a balanced solution to 
address the challenges of consistency and coherence. These methods 
combine the rigor of formal approaches, such as model checking and 
theorem proving, with the practicality and accessibility of semi-formal 
techniques like UML diagrams and DSLs.

6.5.2. Modeling language semantics
Model transformations fundamentally rely on robust language sup-

port to accurately translate both syntax and semantics. This is partic-
ularly challenging in model-driven approaches that extend beyond the 
two-level modeling paradigm to include multi-level models (Almeida 
et al., 2019). These transformations often require the preservation of 
complex multi-level semantics to ensure the integrity and functionality 
of the resulting models.
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Numerous researchers have addressed the challenge of preserving 
model semantics during transformations. Aït Ameur and Aït-Sadoune
(Aït Ameur and Aït-Sadoune, 2012) investigate the re-engineering of 
existing models to integrate new functionalities within model patterns, 
conceptualizing service composition as a transition system among var-
ious services. However, the modeling languages employed to define 
these compositions often exhibit ambiguity and lack formal semantics, 
resulting in the generation of unstructured models. This ambiguity com-
plicates the transformation process and heightens the risk of semantic 
errors.

Flake and Mueller (2003), Berramla et al. (2015), Han et al. (2016) 
and Rahim et al. (2015) emphasize the importance of formal semantics 
in overcoming the limitations posed by inadequate semantic defini-
tions. They advocate for more rigorous formalization of semantics to 
provide clearer and consistent modeling frameworks. Similarly, Liu 
et al. (2010) and Hölldobler et al. (2015) highlight the issues aris-
ing from semantically deficient domain languages, which may suffer 
inconsistencies and errors during transformation processes.

Transformation languages, such as the ATL, currently focus on struc-
tural correctness, but integrating advanced semantic checking mecha-
nisms would allow them to verify that transformations preserve the be-
havioral and semantic properties of models. This enhancement could in-
volve embedding formal semantic rules into transformation languages, 
enabling automatic validation of properties like model consistency, 
completeness, and adherence to domain-specific semantics. Enhancing 
the clarity and structure of modeling languages through formal seman-
tics and specific language constraints is elementary for successful model 
transformations. This approach not only mitigates risks associated with 
semantic inconsistencies but also ensures that the transformed models 
fully represent the intended functionalities and interactions.

6.5.3. Issues in property preservation
Preserving non-functional properties during transformations intro-

duces trade-offs that can impact system quality. Property preserva-
tion is decisive in model transformation to maintain the integrity 
and quality of meta-models across dimensions such as reliability, con-
formance, scalability, traceability, maintainability, performance, and 
accuracy. Researchers such as He et al. (2016), Jadoon (2024), Batot 
and Sahraoui (2016), Abate et al. (2019), Zhu and Liu (2009), Dávid 
et al. (2016), Hülsbusch et al. (2010), Moffett et al. (2013) and Muli-
awan (2008) highlight the significant challenges in ensuring property 
preservation during model transformations.

Demuth et al. (2016), Prehofer (2016) and Leblebici et al. (2017) 
observe that both functional and non-functional properties are affected 
during transformation and refinement of one model into another. Par-
ticularly in large models with extensive underlying functionalities, 
preserving non-functional properties becomes a complex task due to 
the interdependencies among various properties.

Stevens (2010) and Jadoon et al. (2020) discuss the issue of model 
traceability and its impact on verification and maintenance processes, 
noting that untraced artifacts can significantly hinder these activities.

Abate et al. (2019) address the difficulties in embedding non-
functional properties within complex models, proposing automated ab-
stractions to facilitate the generation of source models. However, they 
caution that transforming these source models into target meta-models 
often results in the non-persistence of these attributes, especially in 
low-level languages that lack comprehensive abstract compilation ca-
pabilities.

Furthermore, Gerpheide et al. (2016) and Panach et al. (2015) em-
phasize the challenges of preserving non-functional quality attributes 
and highlight the necessity of assessing these attributes during model 
transformations. Fatwanto and Boughton (2008) point out the diffi-
culties in verifying quality attributes, which often involve trade-offs 
among competing properties.

Addressing the challenges of property preservation requires a ba-
sic approach that includes enhancing the methods for tracing model 
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transformations, developing standard techniques for maintaining non-
functional properties, and ensuring comprehensive verification mecha-
nisms. To overcome scalability limitations, the development of scalable 
transformation tools that leverage distributed or parallel processing is 
a promising direction.

6.5.4. Model verification
Evaluating model transformations is integral to ensuring that trans-

formed models retain the desired properties, yet the generation of 
test data for this purpose is loaded with challenges that can lead to 
defects. Ameller et al. (2015), Iqbal and Al-Azzoni (2022) and Abade 
et al. (2015) highlight the difficulties associated with exhaustive testing 
in models, especially in scenarios involving regression analysis, where 
generating exhaustive test data is often impractical. Despite these chal-
lenges, verifying that a system model adheres to its specifications 
remains a fundamental requirement.

Several methods are employed to test model transformations at 
various stages of MDD, each with its own challenges. Hutchesson and 
McDermid (2011) and Fleurey et al. (2004) discuss issues like estab-
lishing appropriate verification criteria, generating adequate test data, 
and addressing concerns related to the input space. Both functional 
and structural testing methods are important, as they help to assess the 
conformity of model transformations to expected standards.

Calegari and Szasz (2013) note that a thorough verification of 
model transformations can be resource-intensive and that the quality 
assurance of the transformation process heavily depends on the chosen 
verification approach.

Model verification poses significant challenges, but is required to 
maintain the integrity of transformations in MDD. Effective verification 
strategies must balance the depth of testing with practical constraints 
like time and resource availability. Developing advanced tools and 
techniques that can automate parts of the verification process and 
enhance the accuracy of the generation of test data is key to improving 
the reliability of model transformations.

6.5.5. Model complexity
Model complexity is a significant challenge, often aggravated due 

to poor modularization and unstructured components. Hölldobler et al. 
(2015), Dávid et al. (2016), de Lara et al. (2017) and Kolahdouz-Rahimi 
and Lano (2011) indicate that as the number of modules increases, 
models tend to become unstructured and ambiguous, significantly com-
plicating maintenance and scalability.

Asztalos et al. (2010) discuss the limitations of formal verifica-
tion, which is often only applicable to specific transformations due to 
the inherent complexity of models. Verification of software models, 
requires significant computational resources, which may not always 
be feasible (Fradet et al., 2023). Hinkel et al. (2019) address the 
added complexity introduced by platform dependencies, particularly 
in state-oriented models, which further complicates the transformation 
process.

Esbai and Erramdani (2015) highlight the challenges of managing 
complex hardware platforms, addressing that these complexities re-
quire the use of automated abstraction methods, which are prone to 
errors and omissions. Almeida et al. (2019) observed that enhancing or 
updating existing functionalities often leads to increased model com-
plexity, making these models more difficult to transform effectively.

Le Calvar et al. (2019) emphasize the need for multiple simple 
views to effectively represent the complex data structures of models, 
suggesting that simplifying views helps manage complexity. Ege and 
Tichy (2019) and Magalhães et al. (2016) argue that the complexity 
of a model negatively impacts its dependability, maintenance, and 
coherence.

Addressing model complexity requires a distinct approach that in-
cludes better modularization techniques, the use of appropriate trace-
ability methods, and the simplification of complex models into man-
ageable components. To overcome complexity limitations, the devel-
opment of scalable transformation tools that leverage distributed or 
parallel processing is a promising direction.
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Summary
The major challenges addressed are related to model inconsistency, modeling
language issues, property preservation, model verification, model complexity,
and issues in tool support.
Take-away messages
1. Ensuring system consistency across diverse models requires advanced frameworks
and tools to address ambiguities and manage changes effectively.
2. Improved error detection techniques, such as automated and AI-driven testing, are
essential to identify residual issues in complex model transformations.
3. Addressing trade-offs in non-functional quality attributes and formalizing modeling
languages are significant for enhancing transformation precision and system reliability.
6.5.6. Issues in tool support
The limitations concerning automated property verification tools 

are well recognized in the field, particularly due to their lack of 
generality and dependence on the specific type of system model un-
der development. Researchers such as van Amstel et al. (2008), An-
draus and Sakallah (2004), Le Calvar et al. (2019), Castellanos et al. 
(2015), Hinkel et al. (2019), and Rose et al. (2009) have highlighted 
various aspects of these limitations.

van Amstel et al. (2008) explore model quality metrics and note 
that ordinary testing tools might not always be suitable for specific 
model verification needs. Le Calvar et al. (2019) discuss the challenges 
of handling complex models that present inconsistent instances, which 
are often poorly managed by existing automated tools. These tools 
often encounter scalability issues, leading to models that are difficult 
to maintain and have poor structural integrity, as further elaborated 
by Andraus and Sakallah (2004).

Castellanos et al. (2015) point to the absence of tool automation 
to compose reusable models, significantly hindering model reusabil-
ity. Hinkel et al. (2019) emphasize the lack of specialized tool support 
to manage complex models, complicating maintenance and replace-
ment. Rose et al. (2009) address the deficiency in tool support for 
managing model consistency, emphasizing the inadequacy of current 
tools in tracking and validating model inconsistencies.

The current limitations in tool support for model verification and 
maintenance highlight a vital need for the development of more robust, 
flexible, and specialized tools. These tools must not only support a 
wider range of model types, but also provide better scalability, usabil-
ity, and precision in handling complex models and maintaining their 
consistency and reusability.

6.6. RQ 6. What are the benefits of model transformation and property 
preservation?

Model transformation and property preservation in MDD offer sig-
nificant advantages that enhance system quality, maintainability, and 
efficiency. Through thematic analysis, several key benefits were iden-
tified, which are classified in subcategories in Table  B.15. In the fol-
lowing, we discuss the different categories and refer to the papers 
highlighting the specific benefits.

6.6.1. Transformation development
The development of model transformation involves a range of best 

practices that enhance the effectiveness and efficiency of this pro-
cess. These practices include services-oriented support (Hilken et al., 
2018), concrete modeling (Antignac et al., 2018; Magalhães et al., 
2020a), modeling abstractions (Westfechtel and Greiner, 2018), con-
straints (Cuadrado et al., 2017), modeling intents (Lúcio et al., 2016), 
and transformation chains (Hölldobler et al., 2015).

Hilken et al. (2018) support the reuse of existing service models to 
compose new ones, aligning with the principles of minimal resource 
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utilization within web service architectures. This approach not only 
saves resources, but also leverages proven designs to ensure reliability 
and efficiency.

Antignac et al. (2018) focus on concrete modeling, emphasizing 
the importance of development-centric approaches, particularly for 
model-to-code transformations. Such approaches ensure that the trans-
formation process is directly aligned with the development needs, 
enhancing the practicality and applicability of the models.

Westfechtel and Greiner (2018) discuss the importance of modeling 
abstractions and high-level system representations to simplify complex-
ity. This is vital for managing large-scale systems and reducing the 
cognitive load on developers.

Cuadrado et al. (2017) highlight the benefits of employing model-
ing constraints and rules to ensure the validity and optimal selection 
of model units for reuse. This structured approach helps maintain 
consistency and integrity throughout the transformation process.

Lúcio et al. (2016) address the advantages of modeling intents, 
which serve as main artifacts in transformation processes such as 
format conversion or code-generation from bi-directional models. These 
intentions guide the transformation, ensuring that all activities are 
goal-oriented and aligned with the overall goals of the system.

Lastly, transformation chains, as discussed by Hölldobler et al. 
(2015), involve a sequence of model transformations that iteratively 
refine the system until platform-specific application code is generated. 
This method is supported by the iterative and incremental development 
models commonly seen in modern software engineering, as addressed 
by Liu et al. (2005).

6.6.2. Formal approaches
The integration of formal approaches in model transformation is 

a necessary aspect emphasized in the literature by Combemale et al. 
(2007), Ameller et al. (2021), Cuadrado et al. (2017), Diskin et al. 
(2018), Westfechtel and Greiner (2018), Liebrenz et al. (2018), Lukács 
and Bartha (2022) and Moffett et al. (2013).

Ameller et al. (2021) and Westfechtel and Greiner (2018) endorse 
the use of mathematical analysis techniques to handle model artifacts. 
They propose a formal proof of a theorem with predicates and logic as 
basic tools for verifying the correctness of transformation models. This 
method ensures that transformations are not only effective, but also 
mathematically sound.

Cuadrado et al. (2017) discuss the benefits of formal refinement pro-
cedures that facilitate the transformation of high-level informal models 
into detailed formal models. This process ensures the preservation 
of correctness throughout the transformation, thereby enhancing the 
integrity of the final model.

Diskin et al. (2018) and Liebrenz et al. (2018) focus on the applica-
tion of propositional logic in Verilog models, which contributes to their 
accuracy and reliability. The precision offered by propositional logic 
is useful in domains where even minor errors can lead to significant 
consequences.
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Combemale et al. (2007) and Moffett et al. (2013) highlight the 
advantages of using model verification and mathematical logic for the 
formal verification of process models. This approach provides a robust 
framework to ensure that the models adhere to the expected behaviors 
and specifications.

Formal approaches in model transformation provide a foundation 
for developing transformations that are not only implementable but 
also verifiable through rigorous mathematical methods. These tech-
niques ensure that the models are robust, reliable, and capable of 
meeting the high standards required in the application domains. The 
ongoing development and refinement of these formal methods are 
essential for the advancement of the MDD field.

6.6.3. Domain-specific languages and tools
DSLs and tools are essential for efficiently handling complex model 

transformations. DSLs are often built on top of model transformation 
languages, providing domain-specific abstractions that simplify the 
definition and management of transformations. While model transfor-
mation languages like ATL or QVT define how models are transformed, 
DSLs guide this process within specific domains, improving clarity, 
reuse, and productivity in modeling (Fowler, 2010; Wąsowski and 
Berger, 2023). Their significance is supported in work by Egyed (2010), 
Esbai and Erramdani (2015), Flake and Mueller (2003), Hölldobler 
et al. (2015), Hudson and Sprinkle (2011) and Liu et al. (2010).

Hudson and Sprinkle (2011) support the use of DSLs to preserve 
semantic and syntactic equivalence in models, using conformance rules 
in these languages to ensure consistency. This approach enhances the 
interpretability of model transformations by maintaining alignment 
with domain-specific requirements.

Egyed (2010) emphasizes the role of DSLs in managing model in-
consistencies and facilitating reuse, thus improving the robustness and 
efficiency of MDD processes. Liu et al. (2010) focus on the importance 
of enhancing semantic coherence in models through DSLs, which are 
particularly beneficial for complex systems due to their well-defined 
semantics.

Hölldobler et al. (2015) highlight the advantages of CDTrans, a 
DSL extension of UML, which provides well-defined domain semantics 
for accurate model representation. This tool ensures that the transfor-
mations accurately reflect the intended meanings and functionalities 
within a given domain.

Bernal et al. (2019), Flake and Mueller (2003) and Meghzili et al. 
(2017) stress the importance of formal semantics in DSLs to demon-
strate state-oriented models, ensuring that the models adhere to their 
intended states and behavior. Esbai and Erramdani (2015) analyze the 
application of semantically rich modeling patterns for precise model 
transformations, like the model view presenter, which help structure 
the transformation process to produce more predictable and manage-
able outcomes.

Dedicated DSLs and tools are essential in model transformation, 
providing the linguistic and tool-based support needed to effectively 
handle the complexities of diverse application domains. By embedding 
precise semantics and syntax rules modified to specific needs, these 
tools not only streamline the transformation process, but also enhance 
the overall quality and reusability of the models.

6.6.4. Property preservation
The focus on property preservation is evident in various studies that 

discuss the importance of maintaining model quality attributes such 
as conformance, accuracy, reliability, performance, consistency, trace-
ability, maintenance, and reuse. These attributes and the approaches 
to preserve them are detailed in Table  B.15 and are supported by 
significant research contributions from Almeida et al. (2019), Fleurey 
et al. (2004), Gadducci et al. (2023), Jadoon et al. (2019, 2020), Klare 
and Gleitze (2019), Liu et al. (2010), Lopez-Herrejon et al. (2010), 
Narayanan and Karsai (2008), Paige et al. (2007), Reder and Egyed 
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(2012), Stevens (2020), Wada et al. (2008), Westfechtel and Greiner 
(2018) and Zhu and Liu (2009).

Gadducci et al. (2023), Lopez-Herrejon et al. (2010) and Paige et al. 
(2007) emphasize the importance of employing conformance models 
to accurately measure compliance between source and target models, 
ensuring bi-directional transformations maintain the integrity of the 
original specifications. Klare and Gleitze (2019) advocate for the use 
of a commonalities approach to effectively manage consistency across 
model transformations.

Almeida et al. (2019) highlight the benefits of model reification, 
a process that preserves the semantic properties of models by system-
atically modeling class types and instances. This method ensures that 
the essence of the original model is retained even through complex 
transformations.

Jadoon et al. (2019, 2020), Rutle et al. (2018) and Westfechtel 
and Greiner (2018) discuss the significant role of trace management 
in transformations, particularly in tracking changes as they propagate 
from the source to the target models. This traceability management 
is beneficial for maintaining the lineage and rationale behind each 
transformation step.

Reder and Egyed (2012) explore performance management strate-
gies that enhance the efficiency and speed of model transformations, 
ensuring that they can be executed within acceptable time frames and 
resource allocations.

Meanwhile, Fleurey et al. (2004), Liu et al. (2005), Narayanan and 
Karsai (2008), Wada et al. (2008) and Zhu and Liu (2009) investigate 
the benefits of consistency management, which has been validated 
through various complex model transformations, producing satisfactory 
results that emphasize the effectiveness of these strategies.

6.6.5. Post-development support
Post-development support is required for the sustainable use of 

models in software engineering, which includes activities such as model 
maintenance and reuse (Pietron et al., 2024). This phase is facilitated 
by various techniques that aid in the generation of modularized model 
units, promoting efficiency and adaptability. Key contributions in this 
area include the works by Castellanos et al. (2015), de Lara et al. 
(2017), Greiner et al. (2017), Guo et al. (2012), Hinkel et al. (2019) 
and Macías et al. (2019).

Macías et al. (2019), Greiner et al. (2017) and Castellanos et al. 
(2015) highlight the benefits of reuse-based modeling, like the prioriti-
zation of existing models, libraries, and patterns to reduce development 
time and increase efficiency. Using pre-existing resources, organiza-
tions can minimize the effort required in model creation and focus on 
enhancing and adapting models to new requirements.

de Lara et al. (2017) discuss the utilization of typing requirement 
models that record generic specifications. These models are highly 
valued in the post-development phases as they embody best practices 
for reuse, characterized by their independence and ease of integration. 
This approach eases the adoption of models across different projects 
and contexts, enhancing their utility, and reducing redundancy.

Guo et al. (2012) explore the use of feature models to effectively 
evolve existing models. These models allow for the addition of neces-
sary features and support the ongoing evolution of the model’s capabil-
ities, ensuring that they remain relevant and functional over time.

Hinkel et al. (2019) focus on modularization techniques that enable 
easier remodeling, maintenance, and management of model transfor-
mations. Modularization not only simplifies the complexity inherent 
in large models, but also supports better management of changes and 
updates.

Post-development support, particularly in the form of model main-
tenance and reuse, is essential for the long-term sustainability of MDD 
practices. Techniques that promote modularity and reuse not only 
conserve resources, but also enhance the adaptability and longevity of 
software models.
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Summary
The key benefits highlighted in the studies include advancements in transformation
development, the adoption of formal verification methodologies, the use of DSLs,
effective property preservation practices, robust post-development support, and
improved variability management.
6.6.6. Variability management in SPL models
Variability management in SPLs is a key aspect of MDD, enabling 

efficient customization and reuse of features across different products 
within a product line. Researchers such as Bilic, Feichtinger, Hutches-
son, Lopez-Herrejon, Santos, and Vierhauser have extensively discussed 
advanced approaches to managing inconsistencies within SPL (Bilic 
et al., 2020; Feichtinger and Rabiser, 2020; Hutchesson and McDermid, 
2011; Lopez-Herrejon et al., 2010; Lopez-Herrejon and Egyed, 2012; 
Santos et al., 2015; Vierhauser et al., 2010b,a).

Variability modeling techniques, such as feature modeling, allow de-
velopers to represent the commonalities and differences within an SPL, 
facilitating systematic reuse (Lopez-Herrejon and Egyed, 2012; Lopez-
Herrejon et al., 2010; ter Beek et al., 2019; Di Ruscio et al., 2017). Fea-
ture modeling supports variability by using meta-models to transform 
features into decision models, facilitating configuration and customiza-
tion processes. Bilic et al. (2020), Feichtinger and Rabiser (2020), 
Hutchesson and McDermid (2011), Santos et al. (2015), Vierhauser 
et al. (2010b) and Vierhauser et al. (2010a) highlight the benefits of 
using variability models to enhance the flexibility and adaptability of 
SPLs. These models allow organizations to tailor software products to 
meet specific customer needs without extensive redevelopment, thereby 
reducing time to market and improving product quality.

TRAVART is a transformation approach that enables converting 
and experimenting with various variability models, including feature 
models, decision models, and OVMs, facilitating model comparison, 
interoperability, and unification in variability modeling (Feichtinger 
et al., 2021).

The management of variability within SPLs is significant in maxi-
mizing the reuse of software artifacts and enhancing the adaptability 
of the products. Employing advanced modeling techniques such as 
variability and feature modeling not only helps in managing inconsis-
tencies, but also supports the systematic customization and extension 
of product lines (ter Beek et al., 2019; Benavides et al., 2025).

6.6.7. Model verification and validation
Researchers explored various strategies to support the model veri-

fication and validation process (Oakes et al., 2015; Combemale et al., 
2007; Beyer and Lemberger, 2017, 2024; Hilken et al., 2018; Asztalos 
et al., 2010; Diskin et al., 2018; Daw et al., 2014; Andraus and Sakallah, 
2004; Calegari and Szasz, 2013; Leuschel et al., 2011). Hilken et al. 
(2018) endorse the use of classification terms for model transforma-
tion verification, providing concrete extensions to understand model 
components. Diskin et al. (2018) propose hierarchical refinements for 
testing models. Calegari and Szasz (2013) focus on semantic automa-
tion to detect language inconsistencies, using automated reasoning 
and analysis techniques. Beyer and Lemberger (2017, 2024) and Daw 
et al. (2014) emphasize the benefits of model verification for formal 
verification, ensuring reliable and accurate model transformations. An-
draus and Sakallah (2004) highlight automatic abstractions to verify 
Verilog models. Combemale et al. (2007) emphasize the benefits of 
using propositional logic for transformation verification. Oakes et al. 
(2015) and Leuschel et al. (2011) highlight the advantages of reliable 
and scalable verification tools like ProB and DSLTrans. Asztalos et al. 
(2010) work on the conformance verification of models, emphasizing 
the significant role of predicate logic in verifying complex model 
transformations.
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7. Threats to validity

In this section, we identify the threats to the validity of this study. 
We tried to mitigate them based on the approaches provided by Apos-
tolos et al. for secondary studies (Ampatzoglou et al., 2019).

Study Selection Validity: The primary threats to validity in the 
selection of the study include:

1. The formulation of the search string and its possibility of failure 
in providing all the relevant papers.

2. The lack of maturity of the search engines of libraries.
3. Applying inclusion/exclusion criteria and quality criteria that 
might be subjective.

To mitigate these threats, the following approaches are used:

1. We performed snowballing to include those papers not covered 
by the search string.

2. We performed the search multiple times in four different rounds, 
considering various engines.

3. We defined objective criteria based on the earlier work and 
piloted them; we discussed them among the authors when issues 
arose.

Data Validity: The major threats to the validity of data are:

1. Bias in data extraction due to subjectivity.
2. Bias of classification schemes that provide the extraction of 
specific data.

To mitigate these threats, the following approaches are used:

1. The expert data extractors crosschecked the results during the 
pilot study.

2. Data classification schemes from previous studies were revised 
and new schemes were piloted to cover the study content.

Research Validity: To certify research validity, a defined research 
protocol is followed. The search and data extraction process is reported 
at each step. All natural results and analyses are shared with the 
researchers to ensure replication and independent investigation. The 
validity of the research is supplemented by iterating the search process 
four times, provided that the research protocol could be replicated.

8. Conclusion

We presented an SLR encompassing 202 studies from the last two 
decades, focusing on model transformation and property preservation 
in MDD. The selected studies are categorized by transformation types, 
with an in-depth discussion of various techniques for verifying and 
preserving model properties.

The analysis highlights the prevalent use of formal methods and 
case-driven evaluations, emphasizing the importance of theoretical 
rigor and practical validation. However, experimental studies, partic-
ularly those involving human subjects, are underrepresented, limiting 
insights into the practical usability and adoption of tools in real-world 
scenarios. No less than 74 studies (37%) rely on manual verifica-
tion approaches, revealing a significant gap in automated tools. Key 
properties, such as model consistency, non-functional behavior, and 
maintainability, are unevenly addressed, indicating the need for a more 
comprehensive and balanced research focus.



G. Jadoon et al. The Journal of Systems & Software 230 (2025) 112508 
Take-away messages
1. Formal verification methodologies and DSLs are essential for achieving precise and
reliable model transformations, ensuring both semantic coherence and syntactic accuracy.
2. Property preservation practices and post-development support, such as modularization
and reuse, enhance software model adaptability and reduce redesign efforts.
3. Effective variability management in SPLs enables systematic reuse and customization,
improving responsiveness to diverse market and customer needs.
Model transformations demonstrate substantial benefits through for-
mal verification, robust property preservation strategies, and post-
development practices like reuse and modularization. These contribute 
to enhancing the robustness, adaptability, and sustainability of the soft-
ware models. Additionally, variability modeling facilitates systematic 
artifact reuse, enabling efficient responses to diverse market needs.

Despite these advancements, significant challenges remain, includ-
ing semantic inconsistencies, difficulties in preserving non-functional 
properties, and scalability limitations. The lack of adaptable and com-
prehensive tools to handle complex and large-scale systems further 
exacerbates such challenges.

Future research should focus on developing scalable and flexible 
tools that integrate automated verification processes across diverse 
model types. Enhancing formal semantics, refining variability man-
agement techniques, and employing advanced property preservation 
methodologies are essential to addressing the current gaps. By ex-
ploiting advanced AI methodologies, it is possible to analyze and 
manage the complexities of model transformations more effectively, 
enabling innovative solutions to existing challenges. Incorporating en-
forcement techniques within machine learning algorithms could refine 
verification processes, enabling more accurate and reliable property 
preservation for given models. Bridging the gap between theoretical 
research and industrial applications through empirical studies and real-
world validation will strengthen the reliability and adaptability of 
model transformations, aligning them with the demands of modern 
software systems.
28 
CRediT authorship contribution statement

Gullelala Jadoon: Writing – review & editing, Writing – original 
draft, Visualization, Validation, Investigation, Formal analysis, Data cu-
ration. Maurice H. ter Beek: Writing – review & editing, Supervision. 
Alessio Ferrari: Writing – review & editing, Supervision, Methodology, 
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Appendix A. Challenges of model transformation and property 
preservation

Table  B.14 presents the challenges associated with the preservation 
of non-functional quality attributes in MDD, drawing on classified and 
analyzed data using thematic analysis (Braun and Clarke, 2021; Bano 
and Zowghi, 2015), as discussed in Section 5.9.

Appendix B. Benefits of model transformation and property pre-
servation

Table  B.15 presents the benefits associated with the preservation 
of non-functional quality attributes in MDD, drawing on classified and 
analyzed data using thematic analysis (Braun and Clarke, 2021; Bano 
and Zowghi, 2015), as discussed in Section 5.10.
Table B.14
Challenges of model transformation and property preservation.
 Challenges Challenges 

category
 Description Extracted from 

Studies
Frequency 
N=202

 

 System In-
consistency

Ambiguity An unstructured modeling artifact 
results in ambiguity and a lack of 
formal semantics.

1, 4, 5, 12, 45, 
46, 68, 72, 78, 
87

10  

 Lack of deep 
analysis

The concrete metamodels are not 
analyzed deeply, so the modeling 
semantics are weak.

1, 4, 5, 14, 41, 
42, 53, 73, 84

9  

 Unstructured 
systems

Different modeling languages may 
lead to unstructured or inconsistent 
systems due to varying standards and 
approaches.

4, 5, 14, 46, 67, 
68, 70, 72, 74, 
77, 78, 81, 86, 
87, 132

15  

 Redundancy of 
properties

Redundancy of properties as a result 
of transformation affects the structure 
and consistency of the meta-models.

51, 53, 71, 78, 
84

5  

 Output vs. 
consistency

Sometimes complete consistency is 
not applicable in practical systems 
because the focus is on the output 
behavior.

1, 4, 5, 46, 69, 
70, 71, 72, 73, 
74, 75, 77, 78, 
80, 81, 82

16  

 Changeability 
issues

Inconsistencies in models arise 
whenever any alterations are made 
to the models.

1, 5, 12, 42, 46, 
71, 83, 84, 86, 
131

10  

 Inconsistency 
in variability 
models

Annotated variability models are 
often prone to errors because 
defining every possible variant of a 
system model in an annotated way 
may result in conflicting models.

1, 4, 12, 44, 46, 
69, 70, 71, 72, 
73, 74, 75, 80, 
82

13  

 (continued on next page)
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Table B.14 (continued).
 Poor model 

analysis
This typically involves insufficient 
analysis of key aspects such as 
meta-model specifications, 
verification processes, and constraint 
management.

14, 75, 86, 87 4  

 Translation 
inconsistency

In MDD, the system properties get 
inconsistent when a higher-level 
abstract transformation is translated 
into a lower-level transformation.

45, 46, 67, 70, 
73, 77, 81

7  

 Error 
Detection

Poor error 
detection

Errors in annotated models often 
remain undetected after several 
model iterations.

33, 44, 75, 83, 
84, 86, 87, 201

8  

 Error-prone For testing model transformations, 
generating test data is difficult and 
error sensitive.

8, 47, 83, 84 4  

 Modeling 
Languages

Lack of 
Multi-level 
semantics

Most of the model-driven approaches 
support conventional two-level 
modeling. One must preserve the 
multi-level semantics when 
transforming a multi-level model into 
a two-level one.

13, 28, 36, 85 4  

 Lack of language 
support

Modeling languages do not mostly 
support the transformation of UML 
models to other Platform Specific 
Models.

15, 17, 52, 56, 
182

5  

 Lack of semantic 
support

Sometimes model semantics are 
embedded in models with complex 
domain-specific objects that are 
difficult to simplify.

13, 16, 23, 28, 
56, 63, 82, 85, 
181

9  

 Lack of 
specification 
languages

The lack of standardized specification 
languages can result in ambiguous 
models and inconsistent system 
definitions.

23, 28, 36, 45, 
48, 86, 87

7  

 Lack of semantic 
verification

The lack of semantic verification can 
lead to misunderstandings and errors 
in how system models are 
interpreted and implemented.

16, 56, 63, 71, 
72, 73, 74, 75, 
79, 82, 85

11  

 Property 
Preservation

Non-persistent 
properties

Transforming source models to target 
meta-models, properties become 
non-persistent in low-level languages 
lacking full abstract compilation.

25, 65, 82 3  

 Model 
conformance 
preservation

The lack of model conformance 
preservation can result in 
discrepancies between the model and 
its intended properties, leading to 
potential errors.

37, 39, 40, 49, 
58, 76, 77

7  

 Preservation 
of quality 
attributes

The non-preservation of quality 
attributes can compromise reliability, 
performance, and overall 
effectiveness of the system.

37, 39, 40, 65, 
66, 67, 68, 76, 
77, 130

10  

 Lack of property 
assurance

Assurance of the critical properties of 
a system, using the hierarchical 
model transformation, is considered 
an important research challenge in 
MDD.

40, 49, 58, 64, 
66, 76, 83, 84

8  

 Lack of property 
identification

Identification of basic model 
properties is a challenging task while 
transforming models.

37, 49, 58, 65, 
66, 183

6  

 Property 
Verification

Lack of 
regression 
testing

In regression testing of model 
transformations, exhaustive test 
generation is impossible, so testing 
remains incomplete.

26, 58, 54, 59, 
60, 61, 188

7  

 Lack of property 
verification

A set of properties needs verification 
to comply with the expected system 
behavior which is challenging.

26, 60, 61, 71, 
76, 86, 87

7  

 Manual property 
verification

Manual property verification can lead 
to overlooked errors and reduce the 
overall accuracy of the model 
transformations.

26, 59, 76, 86 4  

 (continued on next page)
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Table B.14 (continued).
 Cost of property 

verification
Property verification cost can be 
significant, impacting both the time 
and resources required for ensuring 
system accuracy.

58, 59, 60, 61, 
76

5  

 Lack of model 
analysis

Without thorough analysis, 
correctness of models or meta-models 
cannot be guaranteed.

54, 59, 61, 62, 
71, 76

6  

 Lack of 
verification 
criteria

Model verification process followed 
by some distinct issues like 
verification criteria, test cases, and 
test data generation.

61, 71, 76, 80, 
109

5  

 Informal 
Requirements

Mismanaged 
requirements

There are limitations in meta-model 
coincidence because of inconsistent 
requirements.

17, 18, 53, 66 4  

 Manual 
requirements

The requirements specifications are 
mostly documented manually, which 
creates complexity when converted to 
model-driven design and architecture.

18, 86, 87 3  

 System 
Complexity

Platform 
dependency

In some models, state machine 
checking is always limited to finite 
platform-specific models.

7, 86, 178 3  

 Lack of 
automated 
abstractions

Complex hardware needs automated 
abstraction methods, as manual 
model abstraction often results in 
errors and omissions.

8, 10, 20, 22 4  

 Transformation 
complexity

Complexity of the model 
transformation increase with the 
number of modules.

10, 23, 83, 84, 
86, 87, 174

7  

 Reengineering 
complexity

Adding and updating functionality 
results in more complex models that 
are transformed using UML, Model 
View Presenter Pattern (MVP), QVT, 
and many other languages.

20, 22, 23 3  

 Model 
complexity

For larger systems, generated models 
are complex and require multiple 
simple views to represent the source 
model data.

22, 78, 83, 84 4  

 Lack of 
modularization

Modularity of the transformed 
models is affected whenever any 
manual operations are performed on 
the complex models.

31, 83, 84, 86 4  

 Lack of 
maintainability

Major limitations when transforming 
complex models: reuse, portability 
and maintainability.

20, 22, 50, 83, 
84

5  

 Variability 
management

Variability models have complexities 
due to variations in features of 
product line models.

44, 55, 69, 70, 
71, 72, 73, 74, 
75

9  

 System 
Quality

Limitations 
of manual 
verification

Manual verification is always tedious 
and less effective.

6, 10, 11, 24, 
75, 184

6  

 Performance 
issue

Performance issues arise regarding 
computational power for composing 
complex models.

10, 66 2  

 Lack of 
conformance

Sometimes transformed models do 
not conform to pre- or 
post-conditions of the other models 
in the transformation chain, 
generating different errors.

6, 11, 24, 27, 
200

5  

 Challenges 
of manual 
traceability

Manual approaches to maintain trace 
and manipulate the transformation 
are cumbersome.

6, 24, 63, 83, 84 5  

 Lack of 
maintainability

Issues related to productivity and 
maintainability of models arise when 
models get complex.

27, 33, 48, 83, 
84

5  

 Poor resource 
usage

Software model checking can be used 
for the exhaustive model checking, 
but it requires high computational 
power.

45, 86, 87, 173 4  

 (continued on next page)
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Table B.14 (continued).
 Tool 
Support

Lack of 
specialized tool 
support

No tool support is available to verify 
the complex services provided by 
models.

1, 2, 3, 9, 27, 
28, 75, 86, 87

9  

 Lack of tool 
scalability

Ordinary testing tools are sometimes 
not applicable to complex model 
verification.

2, 3, 6, 9, 27, 
52, 75

7  

 Lack of tool 
efficiency

The lack of tool efficiency hampers 
the effectiveness of processes, leading 
to delays and potential inaccuracies.

3, 75, 187, 192 4  

 Lack of tool 
optimization

Tool optimization is needed to deal 
with hierarchical and convoluted 
models.

9, 52 2  

 Lack of 
automated 
tool support

The lack of automated tools to 
manage complex requirements, 
results in problem solving by 
manually updating the generated 
code of models, leading to other 
ambiguities.

9, 17, 27, 31, 
75, 86, 186

7  

 Lack of tools 
for multi-level 
models

Multi-level modeling lacks the 
definition of different concepts 
involved, resulting in the absence of 
automated tools for managing 
multi-level models.

3, 9, 17, 28, 30, 
103

6  

 Insufficient 
consistency tools

Consistency management approaches 
lack proper tool support, tracking, 
evaluation, and validation 
mechanisms.

3, 9, 12, 57, 69, 
75, 185

7  

 Large input 
space

Some tools do not cope with the 
problem of large input space and 
exhaustive testing.

9, 86, 87 3  
Table B.15
Benefits of model transformation and property preservation.
 Benefits Benefits 

category
Description Extracted from 

studies
Frequency 
N=202

 

 Transforma-
tion Develop-
ment

Service-
Oriented 
Architecture

Service-Oriented Architecture: 
existing services of models are reused 
to compose new ones.

1, 4, 7, 8, 10, 
19, 36

7  

 Concrete 
modeling

Concrete modeling allows to create a 
detailed representation of a system 
or software product using a specific 
modeling language or tool focusing 
on model-to-code transformation.

4, 8, 12, 22, 50, 
87, 88, 148, 149

9  

 UML 
modeling

UML modeling provides a 
standardized visual language for 
specifying, constructing, and 
documenting the components of 
software systems.

7, 30, 37, 87, 
140

6  

 Modeling 
abstractions

Modeling abstractions are high-level 
representations of a system that 
simplify the complexity and focus on 
certain significant aspects of the 
system.

8, 12, 25, 129, 
154

5  

 Model 
constraints

Model constraints define rules and 
limitations ensuring model 
consistency and correctness within 
the specified domain.

10, 15, 36, 87, 
88, 130

6  

 Conceptual 
modeling

A hierarchical concept meta-model is 
generated, defining all common 
concepts of a transformation chain 
instead of modeling them repeatedly 
in every model transformation.

12, 87, 88, 117, 
142, 150, 158, 
172

8  

 Transforma-
tion rules

Transformation rules indicate how 
one model is converted into another, 
ensuring consistency and alignment 
with the intended design.

10, 15, 20, 36, 
87, 88, 126, 198

8  
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Table B.15 (continued).
 Platform-

independent 
models

Platform-independent models are not 
tied to a specific technology or 
implementation. They can be used to 
represent a system in a way that is 
independent of the underlying 
platform or technology.

17, 137, 199 3  

 Intensional 
views

Such views present important 
instances about source models; they 
may contain automated data suitable 
for model reuse.

22, 40 2  

 Transforma-
tion chain

In MDD, a system is transformed 
using a chain of models until 
application code is generated.

23, 50, 87 4  

 Transforma-
tion intents

Transformation intents are the goals 
or objectives a model transformation 
aims to achieve, such as converting a 
model from one format to another or 
generating code from a model.

49, 87 3  

 Agile trans-
formation

Such transformation uses Agile 
methodologies and practices in an 
organization to improve the 
efficiency and flexibility of the 
software development process.

52, 87, 88, 116, 
167, 175

6  

 Formal 
Approaches

Formalization Formal theorem proving verifies the 
transformation models using 
predicates and logic.

1, 5, 8, 9, 11, 26, 
40, 48, 180

9  

 Formal 
refinement

Formal refinement is transforming a 
high-level, informal model into a 
more detailed and formal model by 
adding more constraints while 
preserving the correctness of the 
model.

5, 48, 125, 151, 
159, 164, 165, 171, 
179

9  

 Propositional 
logic

Propositional logic of Verilog assists 
in property verification and 
correctness.

7 1  

 Accuracy Formal reasoning is an effective way 
to check system model accuracy 
using propositional logic before code 
generation.

9, 143 2  

 Defect 
detection

Defect detection refers to identifying 
and locating errors or inconsistencies 
in models, by comparing the model 
to a set of predefined rules or by 
applying formal verification 
techniques.

11, 26, 143, 191 4  

 Property 
assurance

A system possesses an assured 
property whenever a particular 
assurance view of the system satisfies 
acceptance criteria posed as 
assurance constraints.

16, 40, 48, 65, 66, 
67, 68, 69

8  

 Defined 
semantics

Defined semantics refers to the 
precise and well-defined meaning of 
the concepts and relationships within 
the model, enabling automated 
reasoning and analysis techniques to 
ensure the model’s consistency and 
correctness.

5, 48, 64, 70, 80, 
181, 182

7  

 Model 
Checking

Model 
Validation

Model checking is an important 
means of verifying the correctness of 
models using a formal methodology.

2, 9, 30, 43, 139 5  

 Efficiency Model checkers are efficient and 
accurate ways of verification, used to 
verify models by using the least 
resources.

2, 9, 43, 193 4  

 Model 
verification

Model verification is mathematically 
proving that a software model meets 
a set of formal specifications, 
ensuring that the model is consistent, 
correct, and free of errors.

9, 30, 48, 145, 146, 
147, 156, 160, 161, 
162, 166, 197

12 
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Table B.15 (continued).
 De-facto 

standard
A de-facto standard is a widely 
accepted and dominant modeling 
language or method that has become 
a standard through widespread use 
and acceptance in the software 
development industry rather than by 
formal standardization or legislation.

2, 9, 30, 43, 48 5  

 Testing 
adequacy

By defining test adequacy criteria, 
test cases are generated, following a 
black-box, gray-box, or white-box 
testing approach.

9, 30, 54, 118, 
119, 134

6  

 Domain 
Benefits

Language 
definition

DSLs are best to model complex 
systems due to the well-defined 
semantics of a modeling language.

3, 21, 28 3  

 Domain 
semantics

For common models, DSLs, such as 
CDTrans, are very important. These 
DSLs contain well-defined domain 
semantics.

3, 21, 23, 28 4  

 Domain-
specific tools

The use of DSLs is promising for 
developing tools tailored to specific 
problem spaces, effectively 
diminishing the complexity of 
hand-made software.

21, 28, 85 3  

 Automation Tool 
automation

Automated tools play an important 
role in verifying models for specific 
languages, which is impossible 
manually.

6, 21, 28, 47, 
176

5  

 Search 
automation

Automated search-based test data 
generation approaches are suitable 
for model transformations assisting 
to verify models.

47 1  

 Semantic 
automation

This refers to automated reasoning 
and analysis techniques to check 
formal model correctness, consistency 
and completeness based on the 
semantics.

13, 16, 48, 80 4  

 Tool Support Tool 
scalability

Some tools scale for transformed 
models and help modeling and 
verifying large systems.

6, 29, 34, 47, 
201

5  

 Enterprise 
tool support

Enterprise tool support provides 
comprehensive software solutions to 
manage, automate, and optimize 
complex models of business processes 
across an organization.

6, 29, 55 3  

 Modeling 
tool support

Advanced tools can detect a wide 
range of non-trivial problems in 
model transformations using 
constraint solving to improve the 
analysis precision.

34, 47, 133, 
135, 192

5  

 Verification 
tool support

A wide range of verification tools are 
available, ranging from simple 
verifiers to advanced formal tools for 
assisting model transformation.

47, 58, 60, 61, 
133

5  

 Non-
Functional 
Property 
Preservation

Conformance 
model

A conformance model is a model 
that describes the requirements and 
constraints a system must meet to be 
considered compliant with a specific 
standard, regulation, or specification. 
It is used for testing, validation, and 
certification.

13, 16, 24, 33, 
36, 41, 42, 51, 
53, 55, 56, 62, 
73, 77, 90, 194

16  

 Consistency 
preservation

The commonalities approach for 
preserving consistency resulted in 
increased understandability and 
reduced errors.

13, 22, 24, 36, 
41, 42, 56, 61, 
62, 76, 77, 78, 
79, 81, 82, 83, 
141, 144, 152

19  

 Semantic 
preservation

Model semantics are preserved by 
systematically modeling the class 
type and its instance using reification 
(converting any abstract idea into a 
model).

13, 16, 19, 33, 
36, 48, 56, 60, 
62, 80, 83, 86

12  
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Table B.15 (continued).
 Traceability 

preservation
Change in the model is propagated 
from the source to the target model 
in several transformations using 
model traceability management.

24, 41, 83, 84, 
85, 128

6  

 Performance 
management

Performance management approaches 
are proposed for models to increase 
the performance of validating design 
rules.

46, 136, 153, 
195

4  

 Consistency 
mapping

Consistency mapping is a process to 
determine a model’s consistency by 
comparing it to a set of predefined 
rules or constraints and identifying 
any inconsistencies or errors that 
may exist in the model.

51, 53, 55, 73, 
74, 75, 76, 77

8  

 Post 
Development 
Benefits

Modulariza-
tion

Modularization breaks a software 
system into smaller independent 
modules. Modularization of models 
improves maintainability and reuse.

5, 10, 18, 21, 
28, 29, 31, 41, 
44, 50

9  

 Reuse-based 
modeling

Reuse-based modeling is a 
methodology for creating software 
models that emphasizes the reuse of 
existing models, libraries, and 
patterns to reduce development time 
and increase efficiency.

1, 10, 15, 36, 
44, 50

6  

 Improved 
understand-
ability

One can use some defined high-level 
formalized language that can provide 
full understandability of the 
specifications to make them more 
usable.

18 1  

 Reduced 
complexity

To make models as precise, simple, 
and reusable as possible, one 
augments DSLs with concepts from 
multilevel modeling, where the 
number of abstraction levels is not 
limited.

28, 21 2  

 Changeability Changeability of a software model 
refers to the ease and flexibility with 
which a model can be modified, 
adapted, or extended to 
accommodate changes in the 
requirements or environment of the 
system it represents.

29, 70 2  

 Maintainabil-
ity support

MDD enables domain experts to 
specify, validate, and maintain 
software systems without requiring 
advanced programming skills.

18, 21, 28, 41, 
87

5  

 SPLs AADL 
variability 
support

AADL is an extensively used 
transformation language because of 
its scalability and variability 
characteristic support in critical 
systems.

14, 24, 35, 38, 
76, 89, 91, 96, 
97, 155, 157, 
163, 169

13  

 Multi-variant 
variability 
management

Multi-variant model transformation 
in SPL engineering is an important 
approach to integrate variability in 
the specified product model.

14, 35, 44, 56, 
76, 92, 99, 100

8  

 Variability 
modeling

Variability modeling explicitly 
represent variability in dedicated 
models that describe the common 
and variable characteristics of a set 
of (software) systems.

35, 44, 57, 60, 
71, 72, 73, 75, 
93, 98, 202

11  

 Reuse 
variability 
support

SPL models have become one of the 
most prominent ways to promote the 
systematic reuse of software artifacts.

57, 60, 73, 74, 
94, 95, 170

7  

 Maintenance Graphical 
defect 
localization

There is another method that focuses 
on graphical models to locate errors 
and defects in transformed models, 
using visualizations at an abstract 
level.

11, 32, 124 3  

 System 
refinement

Model transformations use the 
step-by-step transform method for 
constant system refinement and 
upgradation.

32, 44, 57, 62 4  
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Table B.15 (continued).
 Fault 

localization
Fault localization identifies a system’s 
specific location or component 
causing an error or malfunction.

32, 121 2  

 Property 
Preservation

Symbolic 
property 
preservation

Verify pre/postcondition contracts on 
the resulting DSLTrans specification 
with symbolic-execution property 
provers.

14, 36, 42, 43, 
58, 60, 82

7  

 Iterative 
property 
preservation

We presented a new technique to 
verify the correctness of complex 
models that result from iterative 
refinement through model 
transformation.

26, 27, 36, 39, 
45, 47, 59, 79, 
81, 86, 114, 
115, 196

13  

 Logical 
property 
preservation

This description is based on 
first-order logic; therefore, if 
deduction rules are provided, a 
reasoning system can automatically 
use an assertion set to derive 
additional assertions verifying model 
transformations.

36, 42, 45, 59, 
62, 77, 83, 84, 
85, 112, 113, 
202

12  

 Verification Test case 
prioritization

Test case prioritization techniques 
are needed to rank test cases and 
help the tester during regression 
testing to be more efficient.

47, 58, 60, 104, 
105, 106, 120, 
127, 138

9  

 Static 
analysis

Static analysis is the analysis of 
software or a system by examining 
its source code or model without 
executing it to identify potential bugs 
or vulnerabilities.

58, 60, 102, 122 4  

 Functional 
testing

Functional testing validates the 
software system against the 
functional requirements or 
specifications. Functional tests try 
each software application function by 
providing appropriate input and 
verifying the output against the 
functional requirements.

47, 60, 61, 107, 
108, 110, 123

6  
Data availability

All the data produced is available in our permanent repository 
(Jadoon, 2024–2025): https://zenodo.org/records/15227409.
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