
Model-Driven Engineering of 
Microservice Architectures—The 
LEMMA Approach 

Florian Rademacher, Philip Wizenty, Jonas Sorgalla, Sabine Sachweh, 
and Albert Zündorf 

Abstract This chapter presents LEMMA (Language Ecosystem for Modeling 
Microservice Architecture). LEMMA enables the application of Model-Driven 
Engineering (MDE) to Microservice Architecture (MSA). LEMMA mitigates the 
complexity of MSA by decomposing it along four viewpoints on microservice 
architectures, each capturing the concerns of different MSA stakeholders in dedi-
cated architecture models. LEMMA formalizes the syntax and semantics of these 
models with specialized modeling languages that are integrated based on an import 
mechanism, thus enabling holistic MSA modeling. LEMMA also bundles its own 
model processing framework (MPF) to facilitate model processor implementation 
for technology-savvy MSA stakeholders without a background in MDE. 

We describe the design and development of LEMMA and exemplify the usage 
of its modeling languages and MPF for a case study microservice architecture. 
In addition, we present practical applications of LEMMA for microservice code 
generation, architecture reconstruction, quality analysis, defect resolution, and 
establishing a common architecture understanding. A comparison of LEMMA with 
related approaches reveals that LEMMA has particular strengths in (i) language-
level extensibility, allowing model-based reification of architectural patterns; (ii) 
model processing, by bundling sophisticated code generators and static quality 
analyzers; and (iii) versatility, making LEMMA applicable in microservice devel-
opment, operation, architecture reconstruction, and quality assessment. 
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1 Introduction 

Microservice Architecture (MSA) [65] is an approach to architecting distributed 
software systems that promotes system decomposition into microservices. The  
notion of microservice comprises all characteristics of a service, i.e., it is a 
functional software component that (i) minimizes dependencies to other compo-
nents; (ii) clusters coherent business logic; (iii) agrees on contracts that specify 
communication relationships with other components by means of interfaces; and 
(iv) interacts with other components to realize coarse-grained tasks [23]. While 
MSA emerged from Service-Oriented Architecture (SOA) [17, 23], other than an 
SOA service, a microservice aims to maximize service-specific independence. From  
the aspects that are concerned by this maximization, the notion of microservice can 
be defined as follows [6, 13, 14, 17, 44, 64, 65, 93, 101]: 

Definition 1 (Microservice) A microservice is a service with the following char-
acteristics: 

• It provides a distinct capability to other components, and all of its functionalities 
address a single concern of either functional or infrastructure nature. 

• It is as independent as possible from other components in terms of implementa-
tion, data management, testing, deployment, and operation. 

• It is fully accountable for its interaction with other components including, e.g., 
the actual decision for interaction, communication protocol determination, data 
format conversion, and failure handling. Without a sound technical reason, 
a microservice supports at most two communication protocols—one for syn-
chronous one-to-one and one for asynchronous one-to-many interactions. 

• It is owned by exactly one team. The team is fully responsible for all aspects 
related to the microservice’s design, implementation, and operation. 

Starting from these characteristics, MSA is expected to benefit the architectures 
of distributed software systems in several ways. First, microservices can improve 
performance efficiency, and especially scalability [42], making it possible to scale 
heavily frequented functionalities independently and horizontally [19]. Second, 
microservices may have a positive impact on maintainability and, more precisely, 
modifiability [42], because they facilitate isolated replacement of functionality as 
long as interfaces remain stable [65]. Third, MSA can increase the testability [42] 
of software systems by demanding stand-alone component executability. 

While performance efficiency and maintainability are the most important quality 
attributes of MSA and key drivers for its adoption [17, 119], microservices can 
benefit further quality attributes [42] such as (i) reliability, due to each microservice 
being expected to include its own failure handling mechanisms for preventing failure 
cascades across service boundaries [13, 65]; (ii) portability, by deploying microser-
vices using lightweight virtualization technologies like containers [9, 18, 111]; and 
(iii) compatibility, as independent executability and standardized communication 
protocols foster interoperability and gradual migration of legacy systems toward 
MSA [13, 119].
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However, these benefits come at the cost of an increased complexity that affects 
architecture design, implementation, and operation [109]. For example, granularity 
determination is a major challenge in MSA design as too fine-grained microser-
vices induce frequent interactions and thus network overhead [119]. Concerning 
implementation, MSA aggravates technology management by supporting dedicated 
technology choices per service and delegation of decisions for technology stacks 
to microservice teams [52]. The resulting increase of technology heterogeneity [65] 
also concerns operation because the corresponding infrastructure of a microservice 
architecture usually consists of loosely coupled components for diverse tasks like 
service discovery, API provisioning, load balancing, and monitoring [7]. 

Model-Driven Engineering (MDE) [15] is an approach to software engineering 
that leverages models as a means to abstract from selected details of a software 
system to mitigate complexity. More precisely, MDE focuses on the systematic 
construction, evolution, and maintenance of software models, and making them 
actionable within one or more phases of the software engineering process. For a 
certain set of purposes, models can then act as substitutes of more complex artifacts. 
For instance, models may abstract from implementation details of the conversion 
between data-format-specific network messages and data-format-agnostic in-
memory objects. Yet they can enable the automated derivation of source code 
for this purpose [94]. On another note, models are well suited to reify structures of 
software systems and facilitate reasoning about them, e.g., for quality assessment 
and improvement [16]. 

As an orthogonal approach to software architecting that strives for purposeful 
complexity mitigation, MDE is a predestined means for the description, devel-
opment, and analysis of complex software systems [28, 104]. Indeed, it has 
successfully been applied in different domains of software architectures such as 
cyber-physical systems [62], Industry 4.0 [127], Internet of Things [51], and 
SOA [2]. Hence, it is evident to investigate the applicability of MDE-for-MSA [31]. 

This chapter presents recent findings of this investigation by (i) summarizing 
the main results of a corresponding dissertation [93], which manifested in the 
Language Ecosystem for Modeling Microservice Architecture (LEMMA) [108]; 
and (ii) showing how LEMMA stimulates ongoing research on MDE-for-MSA 
beyond the dissertation. 

The remainder of the chapter is structured as follows. Section 2 presents 
background information on MDE-for-MSA. Section 3 describes LEMMA’s design 
and implementation. Section 4 focuses on its applications, e.g., for microservice 
code generation, architecture reconstruction, and defect resolution. Sections 5 and 6 
compare LEMMA with related works and conclude the chapter. 

2 Preliminaries 

This section describes challenges in MSA engineering (Sect. 2.1), the MDE 
paradigm (Sect. 2.2), and the adoption of MDE to tackle MSA engineering 
challenges (Sect. 2.3).
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2.1 Challenges in Microservice Architecture Engineering 

Following the taxonomy for pains of microservices by Soldani et al. [109], we 
summarize challenges in MSA engineering along the dimensions Design (Sect. 
2.1.1), Implementation (Sect. 2.1.2), and Operation (Sect. 2.1.3). Given MSA’s 
impact on development organizations [64], we also consider the Organization 
dimension (Sect. 2.1.4). 

2.1.1 Design Challenges 

The identification of microservices is pivotal in MSA design [29, 109, 119]. It 
entails the decomposition of functionality and is closely related to granularity 
determination (see below). Domain-Driven Design (DDD) is a popular methodology 
for microservice identification [24, 30, 56, 57, 64, 65]. It provides model-based 
techniques and patterns to identify coherent parts in an application domain and 
eventually derive bounded contexts from them. A bounded context clusters coherent 
domain concepts, their structures, and relationships in a domain model [24]. Similar 
to microservices, bounded contexts gather coherent functionality, belong to one 
team, and require interactions via well-defined interfaces. Despite the perceived 
closeness of DDD and MSA [65], the adoption of the former in the context of 
the latter is often considered complex [13, 29] and additional effort when domain 
models act as mere documentation artifacts [24]. 

Determining the optimal granularity of a microservice is a major challenge in 
MSA design [109, 119]. Besides the vague suggestion to align a microservice to 
a distinct capability (Definition 1), there exist no broadly accepted guidelines on 
how to tailor a microservice’s responsibilities. Additionally, the independence of 
microservice teams fosters divergent intuitions of microservice granularity and, in 
the worst case, may result in a centralized architecture team that balances varying 
granularities by frequent refactoring [13]. On the other hand, certain microservices 
may intentionally be more coarse-grained than others to decrease network load, 
eliminate interaction dependencies, or reduce the number of microservices [13, 18]. 

By contrast to SOA, MSA considers APIs as contracts [128], thereby rendering 
the formal specification of interactions and explicit contract negotiation [66] redun-
dant. Instead, the interaction relationship between two microservices concludes 
an implicit service contract, which reduces design complexity. As a drawback, 
microservices are confronted with API versioning and assuring consumer compli-
ance [109]. Moreover, the waiver of explicit contracts fosters ad hoc communication 
and thus the accidental occurrence of cyclic service dependencies [118]. 

2.1.2 Implementation Challenges 

As already mentioned (Sect. 1), MSA can increase the technology heterogeneity of 
a software system. While it may be beneficial that each microservice can rely on
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those implementation technologies that are the most suitable for its capability [65], 
this level of freedom in technology choices incurs risks for increased technical 
debt, additional maintainability costs, and steeper learning curves for new team 
members [13, 52, 118]. 

Moreover, MSA’s emphasis on loose coupling also leads to a decoupling of 
technical concerns [38]. Hence, technology management is additionally aggravated 
due to an increased number of technology variation points [95] like the following: 

• Programming languages: The programming language of a microservice is 
opaque to clients. Java, JavaScript, and C# are among the most popular service 
programming languages [106]. However, certain specifics of a service’s capa-
bility can motivate the adoption of an alternative programming language. For 
instance, the built-in support for data collection handling and the availability of 
sophisticated frameworks for scientific computing or time series processing make 
Python a viable choice for corresponding microservices [46, 54, 95]. 

• Database management systems (DBMSs): To decrease coupling, each 
microservice should have its own database [63, 102]. A service’s capability 
may also favor DBMS mechanisms like NoSQL or graphs over the relational 
paradigm [52]. 

• Communication protocols: A microservice architecture should employ at most 
two communication protocols (Sect. 1). However, some situations may require 
more than two protocols, e.g., when gradually modernizing legacy systems [58]. 

• Data formats: The interaction scenario or choice of a communication protocol 
may impact the selection of a format for data encoding and decoding. 

2.1.3 Operation Challenges 

Microservices are usually packaged, deployed, and executed in virtualized contain-
ers [111]. Containers enable the combined deployment of software components 
and pre-configured runtime environments while being more resource-efficient than 
virtual machines due to kernel and library sharing with the host operating system. 
Containers benefit microservices’ scalability and portability [18] but typically 
require additional orchestration platforms, e.g., to fulfill elasticity requirements [40, 
52]. These platforms expose microservice architectures to continuous service 
partitioning and relocation with additional effort to keep track of [109]. 

Next to container orchestration platforms, MSA requires additional infrastructure 
components, e.g., for service discovery, API provisioning, load balancing, and 
monitoring [7]. The loose coupling of these components increases technology 
heterogeneity on the operation level. Furthermore, each component may have its 
own requirements w.r.t. configuration and life cycle management [109].
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2.1.4 Organizational Challenges 

MSA assumes an alignment of the development organization with the software 
architecture to be effective [4]. A common practice is to decompose homogeneous 
development organizations into teams, possibly assembled from members with 
heterogeneous skill sets, of which each is responsible for one or more microservices. 
Consequently, MSA fosters DevOps [64] and thus faces challenges like establishing 
and maintaining a collaborative culture, automation, and knowledge sharing [55]. 

2.2 Model-Driven Engineering 

To unfold its potential for complexity mitigation, MDE anticipates systematic model 
construction, evolution, and maintenance. Modeling languages specify models’ 
syntaxes and semantics [15]. The syntax consists of an abstract syntax and one or 
more concrete syntaxes. The former defines modeling concepts’ structures, relation-
ships, and tool-internal representation. The latter determine user-facing notations 
of modeling concepts, e.g., as graphical constituents of box-and-line diagrams or 
grammar-based textual strings. Modeling language syntaxes may impose constraints 
on model well-formedness, thus contributing to the definition of language-specific 
model validity. The semantics of a modeling language assigns meaning to modeling 
concepts and their instantiation as model elements; and can restrict the set of valid 
models even further [37]. 

Model processors turn models into actionable software engineering artifacts [15]. 
Code generation is often perceived to drive MDE adoption because of an expected 
increase of development productivity [123]. However, there exists a plethora of 
other model processing approaches with relevance to software architecting, e.g., 
reverse engineering [117] and static model analysis [15]. Most of these approaches 
resort to model transformation [15], i.e., the (semi-) automated conversion of one 
or more source models into one or more target models based on transformation 
rules [59]. The syntaxes of source and target models may differ, e.g., when model 
elements are transformed into programming language constructs (code generation) 
or implementation artifacts are transformed into models (reverse engineering). 

2.3 Employing Model-Driven Engineering to Cope with 
Challenges in Microservice Architecture Engineering 

Table 1 maps MDE means (Sect. 2.2) to MSA engineering challenges (Sect. 2.1) and 
substantiates our hypothesis that MDE-for-MSA can cope with MSA’s complexity. 

Sections 2.3.1 to 2.3.4 describe the mapping per MSA engineering dimension.
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Table 1 Mapping of supportive MDE means to MSA engineering challenges [93] 

Dimension Challenge Summary MDE means 

Design 

C.1 Managea services’ granularities Modeling languages 

C.2 Facilitate domain-driven 
service identification 

Modeling languages 

C.3 Increase the value of domain 
models 

Model processing 

C.4 Manage services’ APIs Modeling languages 

C.5 Cope with cyclic service 
dependencies 

Context conditions, static 
analysis 

Implementation C.6 Manage technology 
heterogeneity 

Abstraction, code 
generation 

Operation 

C.7 Cope with complexity in 
service partitioning and 

location 

Abstraction 

C.8 
Manage architecture 

components for service 
deployment and infrastructure 

provisioning 

Modeling languages 

Organizational 
C.9 Automate as much manual 

tasks as possible 
Model processing 

C.10 Provide formats and guidelines 
for knowledge sharing 

Modeling languages 

. a In the context of the table, the term “manage” covers the actions elicitation, adaptation, and 
consistent documentation of managed entities 

2.3.1 Design 

Modeling languages have proven suitable for granularity and API specification in 
other approaches to service-based architecting [2, 94]. Hence, they can tackle Chal-
lenges C.1 and C.4. Modeling languages are also a natural choice for Challenge C.2 
because DDD (Sect. 2.1) constructs domain models with modeling languages [24]. 
Model processing then increases domain models’ value (Challenge C.3) by elevat-
ing them from documentation artifacts to first-class citizens in software engineering. 
When resorting to MDE-based microservice design, the detection of cyclic service 
dependencies (Challenge C.5) is possible at design time using (i) context conditions 
that constrain model validity to non-cyclic service dependencies; and (ii) static 
analysis to detect cycles across models. 

2.3.2 Implementation 

MDE’s abstraction from technology [70] predestines it for coping with technology 
heterogeneity (Challenge C.6). Nonetheless, model-based technology abstraction 
can be tailored per stakeholder group [95, 110]. Code generation then produces
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technology-specific code from technology-agnostic models [15, 96]. For MSA, 
code generation can even increase maintainability (Sect. 1) by automating steps in 
migrating microservice implementations to other technology stacks. 

2.3.3 Operation 

For Challenge C.7, we rely on abstraction as it allows capturing of service 
partitioning and location agnostic to deployment and orchestration technologies. For 
Challenge C.8, the existence of model-based approaches to operation environment 
specification [25, 67] proves modeling languages well suited for infrastructure 
management in MSA. 

2.3.4 Organizational 

Model processing supports task automation and is therefore inherently suited to 
deal with Challenge C.9. Modeling languages facilitate sharing of architecture 
knowledge (Challenge C.10) by formalizing its model-based expression [123], 
especially in combination with stakeholder-oriented viewpoints for knowledge 
decomposition [28]. 

3 LEMMA—A Language Ecosystem for Modeling 
Microservice Architecture 

Here, we present LEMMA [93] in detail. Section 3.1 specifies architecture view-
points [43] for MSA to which LEMMA’s modeling languages (Sect. 3.2) and model 
processing facilities (Sect. 3.3) align. Section 3.4 illustrates LEMMA’s usage. 

3.1 Microservice Architecture Viewpoints 

We leverage the notion of architecture viewpoint (“viewpoint” henceforth) from 
ISO 42010 [43] to decompose MSA’s complexity (Sect. 2.1). A viewpoint frames 
stakeholder concerns toward a software system. It prescribes languages and tech-
niques to construct architecture models as well as operations to process them [43]. 

For LEMMA, we focused on the following stakeholder groups and their concerns 
in MSA engineering [13, 29, 36, 38, 102]: 

• Domain experts: Domain experts demand a software that covers the relevant 
domain-specific requirements in a cost-effective manner in the expected quality.
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• Microservice developers: Microservice developers implement and test owned 
microservices w.r.t. specifications, e.g., of requirements or the architecture. 

• Microservice operators: Microservice operators are concerned with microser-
vice and operation infrastructure deployment and configuration. 

• Software architects: Software architects deal with architecture specification and 
examination to assess quality attribute satisfaction. In addition, they communi-
cate with and across development teams. 

From these stakeholders and their concerns, we derived viewpoints for the 
model-based description of microservice architectures: 

• Domain viewpoint: This viewpoint supports the construction of domain models 
for microservice architectures. Following DDD, domain model construction may 
be a collaborative activity by domain experts and microservice developers [24]. 

• Technology viewpoint: This viewpoint reifies the technology heterogeneity of 
microservice architectures. It captures the concerns of microservice developers 
and operators toward technology management within technology models. 

• Service viewpoint: The viewpoint addresses the concerns of microservice 
developers by the construction of service models for microservices, their inter-
faces, and operations. Service models may refer to technology models to reify 
technology decisions. To enable model reuse and facilitate technology exchange, 
the viewpoint also considers the construction of service technology mapping 
models, which externalize technology decisions from service models. 

• Operation viewpoint: This viewpoint allows microservice operators the captur-
ing of microservice deployment and operation in operation models. 

To increase information content and reusability, MSA models are composable 
by element references. For example, operation parameters in service models may 
refer to domain concepts in domain models as types. Figure 1 shows LEMMA’s 
viewpoints and composition relationships between model kinds of different view-
points. Model composition inherently addresses the concerns of software architects 
by fostering architecture specification and examination with a coherent architecture 
representation. 

3.2 Modeling Languages 

Following ISO 42010, we devised modeling languages (Sect. 2.2) for the construc-
tion of MSA viewpoint models (Fig. 1). Figure 2 shows the language development 
process. 

Sections 3.2.1 to 3.2.5 describe the activities of the development process.
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Domain Viewpoint 

Domain Model Kind Operation Model Kind 

Service Viewpoint 

Service Model Kind 

Service Technology Mapping Model Kind 

technology mapping 
of domain concepts 

typing of service 
operation parameters 

assignment of 
microservices to 
operation nodestechnology mapping 

of domain concepts 

technology mapping 
of microservices 

technology 
mapping of 
microservices 

Domain 
Experts 

Microservice 
Developers 

Software 
Architects Operators 

Technology Viewpoint 

Technology Model Kind 

Technology Model Kind 

Operation Viewpoint 

Microservice 

Fig. 1 LEMMA’s MSA viewpoints and reference-based composition relationships between model 
kinds of different viewpoints. The relationships are depicted as dashed arrows from referencing to 
referred model kinds. Colored icons on a viewpoint box identify the stakeholder groups whose 
concerns are framed by the viewpoint [43] 

6 

SBSA Modeling Concepts 

357 

Conceptual 
SBSA Frameworks 

Open Source 
Architectures 7 

Concept 
Clusters 6 

5 
LEMMA Language 

Metamodels incl. 
Context Conditions 

Grammar Specification 

5 
LEMMA Modeling 
Languages 

Viewpoint-Based 
Metamodel Specification 

SBSA Modeling Concept 
Extraction 

SBSA Modeling Concept 
Clustering 

Practicability Analysis 

Fig. 2 BPMN diagram [69] of LEMMA’s language development process 

3.2.1 SBSA Modeling Concept Extraction 

We identified and extracted an initial set of potential modeling concepts for 
LEMMA’s modeling languages from six conceptual frameworks [10, 60, 66– 
68, 121] for the model-based description of service-based software architectures 
(SBSAs) [23]. We selected these frameworks because they explicitly consider 
various stakeholder groups, viewpoints, and engineering phases, without prescribing 
a certain solution architecture. In total, we extracted 357 SBSA modeling concepts 
and their definitions [92].
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Table 2 Count of SBSA 
modeling concepts per 
Essential SOA Elements 
category 

Essential SOA Elements category Concept count 

Contract 53 

Governance 19 

Implementation 31 

Infrastructure & Management 77 

Interface 177 

SLA 19 

Not classifiable 58 

Sum 434 

3.2.2 SBSA Modeling Concept Clustering 

We clustered the SBSA modeling concepts into the categories of the Essential SOA 
Elements taxonomy [2], i.e., “Contract,” “Governance,” “Implementation,” “Infras-
tructure & Management,” “Interface,” and “Service Level Agreement (SLA).” For 
the clustering, we relied on concepts’ definitions extracted in the previous activity. 
The clustering enabled us to relate a concept to one or more of the MSA model 
kinds described in Sect. 3.1. Table 2 summarizes the clustering results. 

The mismatch between the sums of clustered modeling concepts (434) and 
extracted modeling concepts (357) stems from ambiguous concept definitions. For 
example, based on its definition, SoaML’s Capability concept [68] was clustered 
into the Implementation and Interface categories. On the other hand, some concept 
definitions were too narrow to permit classification, e.g., the Clipped Structural 
Modeling Connector concept from the Service-Oriented Modeling Framework [60]. 
Section 4.3.1 and Appendix B of the dissertation that conceived LEMMA [93] 
provide more details on the clustering activity. 

3.2.3 Practicability Analysis 

The previous activities established a conceptual baseline for LEMMA’s model 
languages on the basis of SBSA modeling concepts. This focus on SBSA was 
necessary as no conceptual frameworks for MSA modeling existed. To assess 
the applicability of the extracted SBSA modeling concepts for MSA engineering 
and balance conceptual rigor with practice orientation, we analyzed concepts’ 
manifestation and actual usage in seven open-source microservice architectures. We 
derived the set of these architectures by joining two subsets of microservice archi-
tectures that (i) provide their source code on GitHub;1 and (ii) have already been 
academically investigated to gain insights about MSA implementation concepts 
and patterns [63, 100]. Table 3 lists the considered architectures. They account for 
51.35% of the overall lines of code of all architectures in the unified set. For further

1 https://www.github.com. 

https://www.github.com
https://www.github.com
https://www.github.com
https://www.github.com
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Table 3 Open-source microservice architectures selected for practicability analysis of SBSA 
modeling concepts. Table entries are arranged in descending order by the value in the “Lines of 
Code” column as of February 1st, 2020 

Architecture name Academic 
reference GitHub patha 

Programming 
languages Lines of code 

eShopOnContainers [100] /dotnet-archi-
tecture/eSho-
pOnContainer-
s/tree/20238d53 

C#, JavaScript 94,660 

Micro company [63] /idugalic/mi-
cro-compa-
ny/tree/5a4ee50 

Java, JavaScript 83,685 

Lakeside Mutual 
Insurance company 

[100] /Microservice-API– 
Patterns/Lakeside-
Mutual/tree/35a67ac 

Java, JavaScript 83,181 

Pitstop - garage 
management 
system 

[63, 100] /EdwinVW/pit-
stop/tree/e3afc74 

C#, JavaScript 53,591 

Microservices 
reference 

[63] /mspnp/mi-
croservices-ref-
erence-implementa-
tion/tree/69a8f63 

C#, Java, JavaScript 18,751 

WeText [63] /daxnet/we-tex-
t/tree/6bab01c 

C#, JavaScript 18,523 

FTGO - restaurant 
management 

[100] /microservices-pat-
terns/ftgo-applica-
tion/tree/9f85c77 

Cucumber, Java, 
JavaScript 

15,069 

. a Relative to host https://www.github.com 

details, we refer to Sect. 4.3.2 and Appendix C of the dissertation that conceived 
LEMMA [93]. 

3.2.4 Viewpoint-Based Metamodel Specification 

For each of the viewpoint-specific model kinds in Fig. 1, we defined the abstract 
syntax of a LEMMA modeling language (Sect. 2.2) as  metamodel [15]. Conse-
quently, LEMMA comprises five modeling languages, each targeting a different 
MSA viewpoint. Table 4 provides an overview of these languages. 

LEMMA’s modeling languages support MSA stakeholders as follows: 

• Domain Data Modeling Language (DDML): The DDML enables the col-
laborative construction of domain models by domain experts and microservice 
developers (Sect. 2.1). It integrates constructs for the model-based expression of 
domain concepts and their augmentation with DDD patterns. 

• Technology Modeling Language (TML): The TML addresses microservice 
developer and operator concerns (Sect. 3.1) in capturing technology decisions.

https://www.github.com/dotnet-architecture/eShopOnContainers/tree/20238d53
https://www.github.com/idugalic/micro-company/tree/5a4ee50
https://www.github.com/Microservice-API-Patterns/LakesideMutual/tree/35a67ac
https://www.github.com/EdwinVW/pitstop/tree/e3afc74
https://www.github.com/mspnp/microservices-reference-implementation/tree/69a8f63
https://www.github.com/daxnet/we-text/tree/6bab01c
https://www.github.com/microservices-patterns/ftgo-application/tree/9f85c77
https://www.github.com
https://www.github.com
https://www.github.com
https://www.github.com
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Table 4 LEMMA’s languages per stakeholder group, viewpoint, and model kind 

Stakeholder group Viewpoint 

Modeling languages 
(# Modeling concepts/ 
context conditions) Model kind 

Domain experts Domain Domain Data Modeling 
Language (28/36) 

Domain Model Kind 

Microservice developers 

Domain Domain Data Modeling 
Language 

Domain Model Kind 

Service 
Service Modeling Lan-
guage (24/39) 

Service Model Kind 

Service Technology 
Mapping Modeling 
Language (20/39) 

Service Technology 
Mapping Model Kind 

Technology Technology Modeling 
Language (24/37) 

Technology Model Kind 

Microservice operators 
Operation Operation Modeling 

Language (12/36) 
Operation Model Kind 

Technology Technology Modeling 
Language 

Technology Model Kind 

Software architects All All All 

• Service Modeling Language (SML): The SML targets microservice developer 
concerns. Service models constructed with the SML thus specify microservice 
APIs including operation signatures and physical or logical endpoints. 

• Service Technology Mapping Modeling Language (STMML): The STMML 
enables the construction of service technology mapping models to augment 
service model elements with technology information, thereby keeping service 
models technology-agnostic and reusable across technologies. 

• Operation Modeling Language (OML): The OML supports operators in 
specifying microservice deployment, infrastructure configuration and usage. 

We base the composition relationships between model kinds (Fig. 1) on imports, 
i.e., specific elements in a model can refer to specific elements in imported models. 

For each LEMMA modeling language, Table 4 also shows the number of model-
ing concepts and context conditions [15] that prescribe model well-formedness. 

Figure 3 shows an excerpt of the SML’s metamodel and thus illustrates the 
influence of the practicability analysis on the eventual definition of metamodel 
concepts. 

An SML ServiceModel comprises an arbitrary number of Microser-
vices, each having a name, type, visibility, and, optionally, a version. 
A microservice can require other microservices to express service dependencies. 
Required microservices may originate from the same or an imported service 
model (Import and PossiblyImportedMicroservice concepts). A non-
imported microservice has one or more Interfaces. The  notImplemented 
flag specifies whether an interface lacks an implementation, which is useful for 
iterative API refinement prior to API exposure. An interface has one or more 
Operations that model the respective microservice’s behavioral signatures. An
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Fig. 3 Excerpt of the SML’s metamodel with concepts’ structures and relationships in a UML 
class diagram [73]. The term “dominated” identifies the driving source for a concept’s eventual 
metamodel reification 

operation consists of incoming or outgoing Parameters. Each parameter has 
a CommunicationType that allows, e.g., modeling of synchronously activated 
operations that yet exhibit asynchronous behavior. With its ApiOperationCom-
ment and ApiParameterComment concepts, the SML supports API documen-
tation. Since LEMMA relies on aspects [105] to augment model elements with 
metadata, the SML associates microservices with ImportedServiceAspects. 
While originally intended for capturing technology decisions, aspects can also 
incorporate architectural patterns into LEMMA models [93]. 

Listing 1 illustrates our usage of OCL [71] to specify metamodel constraints that 
exceed class diagram expressivity. 

Listing 1 Excerpt of the OCL-based [71] context conditions for the SML’s metamodel 
1 -- Imports in a service model must be unique 
2 context ServiceModel inv uniqueImports: 
3 self.imports->forAll(i1, i2 | i1 <> i2 implies 
4 i1.name <> i2.name and i1.importURI <> i2.importURI) 
5 -- Aspects on microservices must have the correct join point 
6 context Microservice inv validJoinPointTypes: 
7 self.aspects->forAll(a | a.importedAspect.joinPoints 
8 ->includes(technology::JoinPointType::MICROSERVICES)) 
9 -- Interfaces must define at least one operation 
10 context Interface inv notEmpty: self.operations->size() > 0
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We used the Eclipse Modeling Framework (EMF) [116] and, more precisely, 
Xcore2 and Xbase3 for metamodel implementation. All LEMMA metamodel 
implementations can be found on Software Heritage [86–90]. 

3.2.5 Grammar Specification 

We specified concrete syntaxes [15] for LEMMA’s metamodels to make the 
resulting modeling language practically usable. Based on our experiences with the 
development and application of a graphical MSA modeling language [98, 114], 
we decided for textual concrete syntaxes. Since microservice architectures usually 
involve many services and infrastructure components, graphical models quickly 
become unclear. 

We employed the Xtext framework [11] for grammar specification. Listing 2 
shows an excerpt of the Xtext grammar for LEMMA’s SML. 

Listing 2 Excerpt of the Xtext grammar for LEMMA’s SML 
1 enum Visibility returns Visibility: 
2 INTERNAL=’internal’ | ARCHITECTURE=’architecture’ | PUBLIC=’public’; 
3 enum MicroserviceType returns MicroserviceType: 
4 FUNCTIONAL=’functional’ | UTILITY=’utility’ | 
5 INFRASTRUCTURE = ’infrastructure’; 
6 Microservice returns Microservice: 
7 visibility=Visibility? type=MicroserviceType 
8 ’microservice’ name=QualifiedNameWithAtLeastOneLevel 
9 (’version’ version=ID)? ’{’ interfaces+=Interface+ ’}’; 

First, the grammar determines keywords for the literals of the metamodel 
enumerations Visibility and MicroserviceType (Fig. 3). Next, it specifies 
the grammar for the Microservice metamodel concept. A microservice is 
introduced by a visibility modifier and type, followed by the microservice 
keyword and the service’s name, which must exhibit at least one qualifying level to 
support service clustering. The version keyword sets the service’s version. The 
interface keyword introduces an interface definition of the service within curly 
brackets. Listing 3 illustrates the SML’s usage for modeling the OrderService 
of the microservice architecture used by Richardson to exemplify MSA [102] 
(Sect. 3.4). 

Listing 3 Example of a microservice definition based on the metamodel (Fig. 3) and concrete 
syntax (Listing 2) of LEMMA’s  SML  
1 public functional microservice org.example.OrderService { 
2 interface Orders { . . .  } 
3 } 

The grammar specifications of LEMMA’s modeling languages and the SML code 
for the OrderService can be found on Software Heritage [76–80, 91].

2 https://wiki.eclipse.org/Xcore. 
3 https://wiki.eclipse.org/Xbase. 

https://wiki.eclipse.org/Xcore
https://wiki.eclipse.org/Xcore
https://wiki.eclipse.org/Xcore
https://wiki.eclipse.org/Xcore
https://wiki.eclipse.org/Xcore
https://wiki.eclipse.org/Xbase
https://wiki.eclipse.org/Xbase
https://wiki.eclipse.org/Xbase
https://wiki.eclipse.org/Xbase
https://wiki.eclipse.org/Xbase
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Fig. 4 Built-in phases of LEMMA’s MPF 

3.3 Model Processing Framework 

We devised a modeling processing framework (MPF) to make LEMMA models 
actionable as envisioned by MDE (Sect. 2.2). The MPF targets technology-savvy 
MSA stakeholders, e.g., Microservice Developers and Operators (Sect. 3.1), who 
not necessarily have an MDE background. Therefore, the MPF (i) structures model 
processing into phases w.r.t. the Phased Construction pattern [53]; (ii) focuses on 
Java as the most popular service programming language [13, 106]; (iii) supports 
programming approaches common in Java-based microservice development, e.g., 
annotation-based Inversion of Control (IoC) [47] in combination with the Abstract 
Class pattern [107]; (iv) abstracts from MDE technologies used by LEMMA; and 
(v) yields stand-alone executable model processors for continuous integration [48]. 

Figure 4 shows the MPF’s model processing phases. It is possible to add custom 
phases for other model processing purposes like simulation [15]. 

The phases’ responsibilities are as follows: 

• Source/Intermediate Model Parsing: These phases parse LEMMA models 
(source models; Sect. 3.2) and their intermediate representations (intermediate 
models). LEMMA intermediate models incorporate preprocessed data such 
as explicit configuration values resulting from implicit default values. Model 
processors thus need not calculate this data, which also imposes consistency in 
model processing. Moreover, intermediate models expressed in the generic XML 
Metadata Interchange format [72] decouple model processors from EMF. 

• Source/Intermediate Model Filtering: These phases allow the selection of 
model elements for subsequent processing phases. Each phase expects an OCL 
file whose queries [71] are evaluated against the source or intermediate model. 
The MPF then applies follow-up phases only on elements matching the queries. 

• Source/Intermediate Model Validation: These phases support the provisioning 
of model validity checks with specific severities. Source model validation may 
also happen interactively via the Language Server Protocol (LSP).4 That is, MPF-
based model processors leverage the LSP to connect with the Eclipse editor of 
the respective LEMMA modeling language to display validation results during 
model construction. Hence, modelers need not invoke a processor separately 
from the IDE and trace validation results to erroneous model elements manually.

4 https://microsoft.github.io/language-server-protocol/specifications/lsp/3.17/specification. 

https://microsoft.github.io/language-server-protocol/specifications/lsp/3.17/specification
https://microsoft.github.io/language-server-protocol/specifications/lsp/3.17/specification
https://microsoft.github.io/language-server-protocol/specifications/lsp/3.17/specification
https://microsoft.github.io/language-server-protocol/specifications/lsp/3.17/specification
https://microsoft.github.io/language-server-protocol/specifications/lsp/3.17/specification
https://microsoft.github.io/language-server-protocol/specifications/lsp/3.17/specification
https://microsoft.github.io/language-server-protocol/specifications/lsp/3.17/specification
https://microsoft.github.io/language-server-protocol/specifications/lsp/3.17/specification
https://microsoft.github.io/language-server-protocol/specifications/lsp/3.17/specification
https://microsoft.github.io/language-server-protocol/specifications/lsp/3.17/specification
https://microsoft.github.io/language-server-protocol/specifications/lsp/3.17/specification
https://microsoft.github.io/language-server-protocol/specifications/lsp/3.17/specification
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• Code Generation: The MPF incorporates this phase as code generation is one 
of the key drivers for MDE adoption [5, 61, 123]. 

The Kotlin5 -based MPF can be found on Software Heritage [83]. 

3.4 Illustrative Example 

We illustrate the construction of a microservice with LEMMA’s modeling lan-
guages (Sect. 3.2) and the processing of the resulting models with LEMMA’s MPF 
(Sect. 3.3). 

Listing 4 shows four coherent LEMMA model excerpts in the DDML, TML, 
and SML (Sect. 3.2). The complete models can be found on Software Heritage [81]. 
They cover the Order and Restaurant microservices of Richardson’s MSA case 
study [102]. 

Listing 4a contains the domain model of the Order microservice in LEMMA’s 
DDML. The model consists of the two bounded contexts (Sect. 2.1), Order and 
API. 

The Order context comprises two domain concepts. Order is a structured 
domain concept that consists of five fields of which four have the built-in primitive 
type long, while the state field is typed by the enumeration domain concept 
OrderState (Lines 11–16). LEMMA’s DDML also integrates keywords for DDD 
patterns [24], e.g., Aggregate and Entity. The Order structure combines both 
these patterns. As an aggregate, its instances cluster instances of other domain 
concepts, which are only accessible from the Order instance. As an entity, two  
Order instances are distinguishable by a domain-specific identifier (see the 
id field in Line 4).  

The API context comprises three domain concepts for the Order microser-
vice’s interactions. The CreateOrderRequest concept is a DDD valueOb-
ject [24], i.e., its instances transport information between architecture compo-
nents. Therefore, all of its fields are immutable and receive a value once during 
instance initialization. 

Listing 4b shows a technology model for Java and Spring6 in the TML (Sect. 3.2). 
The types section defines technology-specific type synonyms for LEMMA’s 
built-in primitive types. During model processing, these synonyms replace all 
instances of LEMMA primitive types in models that apply the technology model. 
Since LEMMA’s type system is based on Java [33], the mapping of built-in 
types to technology-specific synonyms Listing 4b is straightforward. For example, 
the boolean type has the synonym Boolean (Lines 4–5). The technology 
model also specifies the PostMapping aspect (Lines 20–21). It maps to the

5 https://www.kotlinlang.org.
6 https://www.spring.io. 

https://www.kotlinlang.org
https://www.kotlinlang.org
https://www.kotlinlang.org
https://www.kotlinlang.org
https://www.spring.io
https://www.spring.io
https://www.spring.io
https://www.spring.io


122 F. Rademacher et al.

Listing 4 Example models in LEMMA’s (a) DDML, (b, c) TML, and (d) SML. The models are 
excerpts from the models for the order and restaurant microservices of Richardson’s MSA case 
study [102] used to illustrate LEMMA’s model processing capabilities [81]
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eponymous Spring annotation7 and is applicable to microservice operations (for 
operations) exactly once (singleval). 

Listing 4c constructs a technology model with the rest protocol for the 
REST architectural style [26]. REST is often applied in synchronous microservice 
interactions [13]. The rest protocol uses the JSON data format [21] and is 
the default synchronous protocol when a microservice applies the technology 
model. 

Listing 4d shows a service model in the SML. It exemplifies the imported-
based composition of LEMMA models (Sect. 3.2) as it imports the domain model 
in Listing 4a under the alias OrderDomain, and the two technology models in 
Listing 4b and c under the aliases JavaSpring and Protocols (Lines 2– 
4). The two technology models are applied to the OrderService microservice 
(Line 8) by the built-in @technology annotation. These applications lead to 
implicit replacement of types with synonyms (Listing 4b) and the assumption of 
default protocols (Listing 4c). 

The OrderService has a public visibility, which allows its exposure to 
external clients, and a functional type, which identifies the service’s capability 
to stem from the application domain. The OrderService consists the Orders 
interface (Lines 10–20) with a rest endpoint (Line 9). In LEMMA, an endpoint is a 
combination of a protocol from a technology model being applied to a microservice 
(Line 7 and Listing 4c) and one or more addresses, i.e., “/orders” (Line 9). 

The Orders interface consists of the create operation (Lines 16–19). The 
API comment (Lines 11–14) informs about the operation’s function. create 
defines the synchronous input parameter request and the synchronous output 
parameter response. The type of the former is the structured domain concept 
CreateOrderRequest imported from the domain model in Listing 4a. The 
type of the latter is the response-specific counterpart of CreateOrderRequest, 
i.e., CreateOrderResponse [81]. create applies the PostMapping aspect 
from the technology model in Listing 4b to specify that the operation is invokable 
by HTTP POST requests [27]. 

Listing 5 shows excerpts from an MPF-based model processor (Sect. 3.3), whose 
complete Java sources are available on Software Heritage [81]. The processor 
yields the number of microservices’ interfaces in a LEMMA service model and 
also distinguishes between interfaces with only asynchronous or synchronous 
operations. Such classifications of interfaces are crucial to MSA-specific quality 
metrics [22]. 

Listing 5a shows the Java class of the processor’s source model validator 
(Sect. 3.3). The annotation @SourceModelValidator allows LEMMA’s MPF 
to find source model validators on the classpath. A source model validator must 
extend AbstractXtextModelValidator and override its getSupport-
edFileExtensions method to inform the MPF about the validator’s supported

7 https://docs.spring.io/spring-framework/docs/current/javadoc-api/org/springframework/web/ 
bind/annotation/PostMapping.html. 
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Listing 5 Example model processor written in Java based on LEMMA’s MPF. For each microser-
vice in the input service model, the processor (a) prints an information message; and (b) generates 
a file with the overall interface count as well as with the share of asynchronous and synchronous 
interfaces. The code in (c) shows the processor’s entry point
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model file types. Methods with the @Check annotation are validation methods. The 
types of their first parameters must correspond to the metamodel concepts for whose 
instances in a model the validation methods shall be invoked by the MPF. Thus, 
the checkMicroservice method in Lines 9–12 validates Microservice 
instances in LEMMA service models (Fig. 3). 

Listing 5b contains a code generation module of the example model processor. 
The MPF modularizes the Code Generation phase (Sect. 3.3) to enable separation 
of concerns in complex model processors [49]. A code generation module is a Java 
class that (i) exhibits the @CodeGenerationModule annotation; (ii) extends 
AbstractCodeGenerationModule; and (iii) overrides the getLanguage-
Namespace method to signal the MPF the namespace of the metamodel targeted 
by code generation. In case of the module in Listing 5b, this namespace identifies 
the intermediate representation of LEMMA service models (Sects. 3.2 and 3.3). The 
execute method (Lines 9–42) implements the module’s logic. The for-loop in 
Lines 17–29 iterates over all microservices and interfaces in the given intermediate 
service model and counts the number of interfaces whose operations have only 
asynchronous or synchronous parameters. Lines 30–36 map this information to a 
string and buffer it in the resultFileContents variable. Finally, Lines 38–41 
inform the MPF about the generated file content for its eventual serialization. 

Listing 5c comprises the processor’s entrypoint, i.e., a Java class that inherits 
from AbstractModelProcessor and has a main method that delegates 
execution to the MPF. This delegation informs the MPF about the processor’s Java 
package that shall be scanned for phase implementations like those in Listing 5a 
and b. 

4 Applications of LEMMA 

This section presents applications of LEMMA for microservice code generation 
(Sect. 4.1), model-based architecture reconstruction (Sect. 4.2), static quality analy-
sis (Sect. 4.3), defect resolution by model refactoring (Sect. 4.4), and establishing a 
common architecture understanding (Sect. 4.5). 

4.1 Plugin-Based Generation of Technology-Specific 
Microservice Code 

MSA’s technology heterogeneity (Sect. 1) not only concerns architecture models 
(Sect. 3.1) but also microservice implementations [95]. Therefore, we devised a 
code generator for Java-based microservice programming that maps LEMMA 
models in their intermediate representations (Sect. 3.3) to basic Java abstract syntax 
trees (ASTs). Besides Java, these basic ASTs are technology-agnostic in that
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they do not leverage a specific microservice implementation technology. For the 
specification of the mapping between intermediate LEMMA model element types 
and Java AST node types, we refer to Appendix K of the dissertation that conceived 
LEMMA [93]. 

Our Java Base Generator (JBG) [82] draws on LEMMA’s MPF and is also a 
framework for the development of technology-specific code generation plugins, 
called Genlets. The JBG may load an arbitrary number of pre-compiled Genlets 
and execute them in a specific order after the creation of basic Java AST nodes from 
traversed intermediate model elements. Genlets consist of a set of code generation 
handlers, which are Java classes that exhibit the @CodeGenerationHandler 
annotation and implement the GenletCodeGenerationHandlerI interface. 

A Genlet requests the JBG to invoke it for a combination of model element type 
and AST node type and pass to it both the element and the mapped node. The JBG 
then passes the element and node to the Genlet for technology-specific adaptation 
after which the JBG integrates the adapted node in the Java AST. After the execution 
of all given Genlets, the JBG serializes the adapted Java ASTs, which may involve 
a reordering of the ASTs to comply with patterns that preserve manual changes to 
generated code upon re-generation [35]. 

Figure 5 exemplifies the interaction between the JBG and its Genlets in the 
context of the Orders interface from Listing 4d. 

The JBG maps an interface modeled in LEMMA’s SML to an eponymous Java 
class (NormalClassDeclaration instance [33] in Compartment 1 of Fig. 5). 
Modeled operations become Java methods (MethodDeclaration instance [33] 
in Compartment 1). The Spring Genlet adapts the generated class to behave as 
a REST controller that invokes the create operation when receiving an HTTP 
POST request (Compartment 2 in Fig. 5). This adaptation follows from the modeled 
rest endpoint of the Orders interface (Listing 4d) and the application of 
the PostMapping aspect to the create operation. In the serialization phase 
(Compartment 3 in Fig. 5), the JBG adapts the AST to be compatible with the 
Generation Gap to preserve manual changes to generated code. Next to this pattern, 
the JBG also supports its extended variant [35], which reduces the amount of 
pattern-specific boilerplate code. 

LEMMA currently bundles Genlets for Spring, the Kafka message broker,8 

DDD, and the Domain Event and CQRS patterns [75, 102]. Since a Genlet is 
inherently a LEMMA model processor, it can leverage functionality provided by the 
MPF including stand-alone execution for interactive model validation (Sect. 3.3). 
We applied the JBG in a research project from the Electromobility domain and were 
able to generate the implementations of all domain concepts, microservice inter-
faces, and extensible infrastructure for asynchronous interaction. The generation 
efficiency ranged between 5.90 and 6.26, i.e., from one line of LEMMA model, 
roughly six lines of Java microservice code were producible, making generative 
microservice development with LEMMA basically efficient. For details, we refer to

8 https://kafka.apache.org. 

https://kafka.apache.org
https://kafka.apache.org
https://kafka.apache.org
https://kafka.apache.org


Model-Driven Engineering of Microservice Architectures—The LEMMA Approach 127
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Fig. 5 Sample Java AST enrichment with the JBG and the Spring Genlet [99] 

Sect. 8.7 of the dissertation that conceived LEMMA [93]. Recent works leveraged 
the JBG and its Genlets to derive microservice code from underspecified domain 
models [96], integrate blockchain technology into microservice architectures [122], 
and realize asynchronous microservice interactions [99]. 

4.2 Model-Based Reconstruction of Microservice Architectures 

MSA’s emphasis on service-specific independence (Sect. 1) may lead to service 
proliferation and the subsequent erosion of the anticipated architecture design 
because teams can autonomously advance different architecture parts [13]. Soft-
ware Architecture Reconstruction (SAR) [8] is thus an important area in MSA 
research [1]. This section describes the design, development, and evaluation of 
an extensible LEMMA-based SAR approach that automates the translation of the 
source code of existing microservice architectures into LEMMA models, thereby
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Fig. 6 Core components of our LEMMA-based SAR approach 

facilitating the reasoning about the architecture and enabling the application of 
MDE techniques like quality assessment (Sect. 4.3) and defect resolution (Sect. 4.4). 

4.2.1 An Extensible Approach for LEMMA-Based Microservice 
Architecture Reconstruction 

Figure 6 depicts the core components of our LEMMA-based SAR approach. 
The Reconstruction Framework (RF) orchestrates the SAR process according to 

Bass et al. [8]. 
In the first phase, the RF recovers architecture information from the artifacts of a 

microservice architecture including its source code and deployment specifications. 
To this end, the RF iterates over all artifacts of a given architecture and invokes 
reconstruction plugins on artifacts. These plugins cover different microservice tech-
nologies and LEMMA viewpoints. They are responsible for extracting architecture 
information from given artifacts, translate the information into the format expected 
by the RF, and return it to the RF. In the sense of Bass et al., the plugins perform a 
raw view extraction [8]. 

In the second phase, the RF stores all extracted architecture information in a 
reconstruction database. For this purpose, we specified data formats for each MSA 
viewpoint (Sect. 3.1). The database enables the RF’s future extension by dynamic 
analyses where gathered architecture information originates from continuous mon-
itoring. This phase corresponds to database construction and view fusion in the 
SAR process of Bass et al. [8] where heterogeneous architecture information are 
harmonized and stored in a common format. 

In the third phase, the RF enables subsequent, LEMMA-based processing of 
reconstructed architecture information. In a first step, the RF invokes the LEMMA 
model extractor [97] to serialize information from the reconstruction database 
into LEMMA model files for the reconstructed viewpoints (Sect. 3.2). Starting 
from these reconstructed view models, software architects can perform efficient
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architecture analyses, e.g., for quality assessment (Sect. 4.3) or defect detection 
(Sect. 4.4), as suggested by Bass et al. [8]. 

4.2.2 Evaluation of the LEMMA-Based Reconstruction Approach 

We evaluated our LEMMA-based SAR approach on Lakeside Mutual,9 which is 
an MSA case study application for a fictitious insurance company. The architec-
ture consists of a generic Customer Core microservice and four more specific 
microservices for customer, policy, and risk management as well as customer 
self-service. The Customer Self-Service and Policy Management microservices 
interact via asynchronous messaging. All remaining microservices rely on HTTP-
based interaction. The services (i) use a registry to discover each other; (ii) are 
primarily implemented in Java and Spring (Sect. 3.4); (iii) produce logs for runtime 
monitoring; and (iv) store information in their own databases. We selected Lakeside 
Mutual for the evaluation of our SAR approach because its architecture is well 
documented [129, 130]. 

Table 5 shows the results of the evaluation of our SAR approach on Lakeside 
Mutual. The evaluation used reconstruction plugins for Java and Spring that cover 
LEMMA’s Domain and Service viewpoints (Sect. 3.1 and Fig. 6). We use the Recall, 
Precision, and F.measure metrics to assess the preciseness of the reconstruction 
process. 

The evaluation showed that the current implementation of our SAR approach is 
able to reconstruct four of the five microservices of Lakeside Mutual in LEMMA 
service model. The RF did not recover the Risk Management microservice because 
it is based on Node.js10 and our reconstruction plugins currently target Java. 
However, all expected interfaces and operations of the reconstructed microservices 
could be recovered with reconstructed data structures in LEMMA domain models 
originating from operations’ parameter types (Sect. 3.4). The discrepancy between 
expected and recovered structures results from classes defined in external depen-
dencies whose source code is currently not available to the RF. 

4.3 Assessment of Microservice Maintainability with Static 
Model Analysis 

Next to scalability, maintainability is the most crucial quality attribute in MSA [17, 
119] (Sect. 1). There exist several metrics suites that define metrics for maintain-
ability assessment of microservices [3, 22, 39, 41]. While the majority of these 
metrics does not target MSA, but SOA [3, 41] or REST [39], they are still known

9 https://www.github.com/Microservice-API-Patterns/LakesideMutual/tree/bc79075. 
10 https://www.nodejs.org. 
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to be applicable to MSA [12]. We were interested in the assessment of these 
metrics by static LEMMA model analysis to provide fast feedback about modeled 
microservices’ quality. 

We investigated the LEMMA-based calculation of each of the 26 metrics from 
the aforementioned four metrics suites. They can be characterized as follows: 

• Hirzalla et al. [41]: Hirzalla et al. define ten metrics for single SOA services 
and complete architectures. Among such metrics are (i) NOVS (Number of 
Versions per Service), which measures architecture complexity by calculating the 
ratio between service versions and services; and (ii) SRP (Service Realization 
Pattern), which measures the share of services exposed by intermediaries in 
the overall share of exposed services with a lower share hinting at lesser 
complexity. While NOVS is directly assessable from LEMMA service models, 
SRP requires operation models and a notion of intermediary like API gateway or 
edge server [7]. 

• Athanasopoulos et al. [3]: This suite consists of three metrics that measure 
service interface cohesion on the message, conversation, and domain level. 
Cohesion is important for microservices as it has a direct impact on maintainabil-
ity [109, 119]. All metrics of the suite rely on interface-level graphs (ILG) which 
are undirected, labeled, and weighted graphs whose vertices represent interface 
operations and whose weighted edges inform about operations’ similarity. The 
ideal ILG is a complete ILG with similarity weight 1, i.e., all interface operations 
are maximal similar. The lack of interface-level cohesion is then computable as 
the relative difference between the ILG and the ideal ILG. 

The metrics in the suite differ by their calculation rules for ILG similarity 
weights. For instance, the Message-Level Cohesion Lack metric considers the 
similarity of operations’ message types, whereas the Domain-Level Cohesion 
Lack metric focuses on operation similarity based on domain terms. All metrics 
in the suite are directly computable from LEMMA service models. 

• Haupt et al. [39]: Haupt et al. define seven metrics for structural REST API 
analysis. The metrics rely on managed resources, i.e., objects of information 
maintained via REST [26]. For their LEMMA-based computation, the majority 
of the metrics require a technology model that indicates REST application 
(Sect. 3.4) as well as domain and service models. For example, to assess the 
Number of Resources metric, it is mandatory to identify REST operations 
(technology and service model; cf. Listing 4) and managed resources as structural 
types of service operation parameters (domain model). 

• Engel et al. [22]: This suite comprises six metrics for MSA core principles like 
loose coupling. Those metrics include Number of (A)Synchronous Interfaces 
and Average Size of Asynchronous Messages. While the former is computable 
from LEMMA service models (Listing 5b), the latter requires runtime moni-
toring and is only heuristically assessable. That is, parameter types of modeled 
asynchronous operations allow lower-bound assessment of message sizes. 

From the 26 metrics defined in the presented suites, 20 were computable from 
LEMMA models. The remaining six metrics either require dynamic analysis or
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process modeling, which is currently out of LEMMA’s scope. For details, we refer 
to Sects. 9.5.2 to 9.5.5 of the dissertation that conceived LEMMA [93]. 

We implemented a library for the computation of supported metrics [84] and 
an MPF-based static analyzer [85] (Sect. 3.3) allowing the library’s usage. We 
evaluated the analyzer on the LEMMA reconstruction models of Lakeside Mutual 
(Sect. 4.2) and revealed weaknesses in service cohesion. In our ongoing works, we 
integrate the analyzer library with LEMMA’s Eclipse plugins (Sect. 3.2) to provide 
MSA stakeholders with ad hoc visual feedback about microservice maintainability. 

4.4 Defect Resolution by Model Refactoring 

Defects of a software architecture refer to issues in its design that may cause 
unwanted behavior of the implemented system. They are often made unintentionally, 
and without the awareness of software architects and developers [74]. Furthermore, 
their manifestation and occurrence is impacted by the architectural style, e.g., MSA. 
For defect resolution, the architecture design and implementation usually need to 
undergo a refactoring process. In the following, we describe a preliminary approach 
for the LEMMA-based detection and resolution of security defects in microservice 
architectures [125]. 

We illustrate our approach for a common security defect in MSA, i.e., Publicly 
Accessible Microservices (PAM), where interfaces are not exposed in a restricted 
and controlled fashion by an intermediary but are instead freely accessible by 
architecture-external clients [74]. This public and complete exposure of service 
interfaces increases the risk for confidentiality violations and other security issues 
significantly. To resolve the defect, an intermediary for interface exposure, e.g., an 
API Gateway [7], should be integrated into the architecture. 

Listing 6 shows LEMMA technology and operation models (Sect. 3.2) that allow 
detection of the PAM defect and eventually resolve it. 

The technology model in Listing 6a defines aspects that allow the enrichment of 
infrastructure nodes in LEMMA operation models with functional seman-
tics. For instance, the isApiGateway aspect can be used to communicate the 
intent that a certain infrastructure node represents an API Gateway independent 
of the actual technology used to realize this capability. Listing 6b is technology 
model for a concrete API Gateway technology, i.e., Zuul.11 Listing 6c is a LEMMA 
operation model that applies the technology models in Listing 6a and b to specify 
a Zuul-based infrastructure node called Gateway and identify it as an API 
Gateway using the isApiGateway aspect. Listing 6d contains an operation model 
with a specification for container-based microservice deployment. More precisely, 
it models the Docker12 deployment of the Lakeside Mutual’s Customer Core

11 https://github.com/Netflix/zuul. 
12 https://www.docker.com. 
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Listing 6 Example models for LEMMA-based defect resolution. We rely on aspects to assign 
semantics to infrastructure components (a). The technology model in (b) describes a concrete API 
Gateway technology used in the operation model in (c) by an infrastructure node denoting an API 
Gateway. The operation model in (d) captures the Docker-based deployment of a microservice that 
does not use the API Gateway, whereas (e) shows the refactored operation model resolving this 
defect 

microservice (Sect. 4.2). The depends on directive (Line 5) shows that the Docker 
container only depends on a service registry from another imported operation model. 
Hence, it does not leverage the capabilities of an API Gateway, thereby introducing 
the PAM defect. 

For the detection of defects in LEMMA models, we implemented a model 
processor using LEMMA’s MPF (Sect. 3.3). The processor’s validation phase 
identifies defects in given LEMMA models and reports them to the user by hinting 
at the defect-inducing model element. In order to facilitate defect resolution, we 
implemented an Eclipse plugin that enriches defect issues reported by the processor 
with quick fixes that are applicable to resolve the detected defect via automated 
model refactoring. For the PAM defect, the corresponding refactoring is the addition 
of an API Gateway and its usage by concerned microservices [74]. Listing 6d 
illustrates the defect resolution by adding the Gateway from Listing 6c to the nodes 
on which the container depends (Line 5).
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We are currently working on integrating the defect resolution processor with 
LEMMA’s JBG (Sect. 4.1) such that refactored models can directly be mapped to 
microservice code and configuration artifacts. As a result, we can eventually provide 
MSA stakeholders with means for defect detection, resolution, resolution reasoning, 
and evaluation, including the subsequent generation of code for the most suitable 
resolution. 

4.5 Model Transformations for a Common Architecture 
Understanding 

MSA poses challenges to organizations in restructuring their development processes 
to cope with service-specific independence and ownership (Definition 1). The 
division into different teams, each of which being holistically responsible for one 
or more microservices, can lead to a lack of architectural understanding across 
team boundaries. This lack of understanding can have a negative effect, e.g., when 
setting development priorities. We have observed this effect especially in small-
and medium-sized enterprises, whose service landscapes evolve together with their 
development organizations [113]. 

Model-driven approaches such as LEMMA are particularly suitable for doc-
umenting and transferring knowledge [15]. Therefore, we argue that LEMMA 
constitutes an effective means to create and maintain a common and organization-
wide architecture understanding by making (partial) MSA models available to teams 
and support their active exchange. For this purpose, due to microservices fostering 
technology heterogeneity (Sect. 2.1), the application of MDE technologies and tech-
niques, e.g., code generation (Sect. 4.1) or model-based reconstruction (Sect. 4.2), 
cannot be assumed. However, LEMMA provides bidirectional model transforma-
tions [59] to derive LEMMA models from microservice API specifications based 
on OpenAPI13 (synchronous APIs) or Apache Avro14 (asynchronous APIs) and 
vice versa. Consequently, these transformations allow knowledge documentation 
and communication without requiring microservice teams to develop their services 
with MDE. 

In the following, we (i) describe a development process for small- and medium-
sized enterprises that supports both code-first and model-first microservice develop-
ment in an integrated fashion; and (ii) how LEMMA’s OpenAPI model transforma-
tion enables this process. For more details regarding the process, the transformation, 
and the corresponding artifacts, we refer to our previous work [115].

13 https://www.openapis.org. 
14 https://avro.apache.org. 
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Fig. 7 Code-first vs. model-first microservice development in cross-functional teams 

4.5.1 Code-First vs. Model-First Microservice Development 

Figure 7 compares code-first with model-first microservice development in two 
cross-functional MSA teams [7]. 

Team A applies the code-first approach to microservice development in which 
source code is a first-class citizen and models are used, if at all, for mere 
documentation and communication. That is, Team A starts to implement a service 
by writing its source code, followed by the automated generation of interface 
specification. The latter step follows from insights of an exploratory study [113] 
in which we found that MSA teams in industry rarely and reluctantly create manual 
documentation of their interfaces but instead rely on automated approaches, e.g., 
Swagger15 to generate OpenAPI specifications. With LEMMA, it is now possible 
to automatically transform generated interface specifications into corresponding 
LEMMA domain, service, and technology models (Sect. 3.2). Team A may then 
refine the derived LEMMA models, if desired, and eventually share them with 
other teams to stimulate the creation of a common architectural understanding 
by exploiting MDE’s abstraction facilities (Sect. 2.2) and to support model-first 
development approaches. With the support of model generation in a code-first 
approach, thus enabling teams to communicate, share knowledge, and create a 
common understanding, LEMMA addresses a possible lack of expertise on the 
part of developers, which is a common challenge for the success of MDE tools 
in practice [124]. 

Team B in Fig. 7 practices model-first microservice development, which uses 
LEMMA models as first-class citizens, thereby directly following MDE’s line of 
thought. From such models and their intermediate representations, a code generator

15 https://www.swagger.io. 
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like the JBG (cf. Sect. 4.1) can be used to produce refinable code. As for the code-
first approach, both LEMMA model and source code artifacts exist in the end. 

4.5.2 OpenAPI Model Transformation 

LEMMA realizes the code-first approach (Fig. 7) through multiple model-to-model 
(M2M) transformations [15], which we detail on the example of the OpenAPI-to-
LEMMA transformation in Fig. 8. 

The M2M transformation process starts with an OpenAPI-conform interface 
specification in a file with the extension “.json” or “.yaml”. This specification is 
parsed into an in-memory API Model fueling multiple M2M transformations. Since 
the intended use of OpenAPI is to describe HTTP resource APIs, corresponding 
specifications include utilizable information about data, interfaces, and transfer-
specific technology information like media types. This information is translated 
into LEMMA domain, service, and technology models by means of dedicated M2M 
transformations. 

In detail, the Data transformation operates on schemas objects in OpenAPI 
specifications and generates a data structure in a LEMMA domain model for 
each traversed schema. The Service transformation processes OpenAPI tags and 
paths objects. It creates a LEMMA service model that is populated with interfaces 
for each encountered tag. Paths corresponding to a tag result in interface operations 
with request and response parameters. Furthermore, the Service transformation gen-
erates matching LEMMA collection types for each OpenAPI array. The Technology 
transformation analyzes the OpenAPI paths object for specific media types and 
creates a corresponding LEMMA technology model. Subsequently, the resulting in-



Model-Driven Engineering of Microservice Architectures—The LEMMA Approach 137

memory LEMMA models are serialized as files by specialized extractors and are 
thus immediately usable by MSA teams. 

5 Related Work 

Table 6 compares LEMMA with related MDE-for-MSA approaches. Additional 
details can be found in Sects. 4.6 and 5.6 of the dissertation that conceived 
LEMMA [93]. 

While related approaches cover some of the MSA viewpoints (Sect. 3.1), 
LEMMA is the only approach to support them all, including viewpoint-specific 
modeling languages and holistic MSA modeling by viewpoint integration 
(Sect. 3.2). A further strength of LEMMA is its extensibility on the language 
level, enabled by the aspect-oriented metadata mechanism of the TML. This 
extensibility allows, e.g., model-based reification of architecture patterns and 
selective technology-specificity, which is essential for agile modeling [103]. 

In comparison, LEMMA also facilitates model processing by bundling a special-
ized MPF (Sect. 3.3) and sophisticated model processors. Additionally, LEMMA 
has proven to be exceptionally versatile in a variety of MSA engineering scopes, 
ranging from development and operation over reconstruction to quality assessment 
(Sect. 4). 

6 Conclusion and Future Work 

This chapter presented LEMMA (Language Ecosystem for Modeling Microservice 
Architecture) [93]—an approach for the application of Model-Driven Engineering 
to Microservice Architecture (MSA) engineering. LEMMA mitigates the complex-
ity of MSA (Sect. 2) by first decomposing it along four viewpoints on microservice 
architectures, each capturing the concerns of different MSA stakeholders in dedi-
cated architecture models (Sect. 3.1). The Domain viewpoint supports the collabora-
tive construction of domain models by domain experts and microservice developers. 
Domain models cluster all domain concepts relevant to a microservice architecture. 
The Technology viewpoint focuses on the concerns of microservice developers and 
operators and enables them to capture technologies for microservices and operation 
nodes within technology models. The Service viewpoint provides microservice 
developers with modeling facilities for microservices, their interfaces, operations, 
and endpoints. The Operation viewpoint addresses the concerns of microservice 
operators in deployment and infrastructure operation modeling. We accompanied 
each viewpoint with a specialized modeling language that formalizes the syntax 
and semantics of viewpoint-specific MSA models (Sect. 3.2). LEMMA’s modeling 
languages are integrated by means of an import mechanism so that elements in one 
model can refer to elements in imported models, e.g., to configure the container-



138 F. Rademacher et al.

Ta
bl

e 
6 

C
om

pa
ri
so
n 
of
 L
E
M
M
A
 w
ith

 r
el
at
ed
 M

D
E
-f
or
-M

SA
 a
pp
ro
ac
he
s 

C
ha

ra
ct

er
is

ti
c/

ap
pr

oa
ch

 
L

E
M

M
A

 
[9

3]
 

C
lo

ud
M

L
 

[2
5]

 

C
on

te
xt

 
M

ap
pe

r 
[5

0]
 

D
C

SL
 

[2
0]

JD
L

 [
45

] 
M

D
SL

 
[5

0]
 

. μ
A

R
T

 
[3

4]
 

M
ic

ro
 

B
ui

ld
er

 
[1

20
] 

M
iS

A
R

 
[1

] 

M
SA

 v
ie

w
po

in
t 

(V
P

) 
su

pp
or

t 
D
om

ai
n 
V
P

�
–

�
�

–
�

–
�

– 
Se

rv
ic
e 
V
P

�
–

–
–

�
�

�
�

�
Te
ch
no
lo
gy
 V
P

�
�

��
–

�
–

–
�

�
O
pe
ra
tio

n 
V
P

�
�

–
–

�
–

–
–

�
Sp

ec
ia
liz

ed
 la
ng

ua
ge
 p
er
 V
P

�
–

–
�

–
–

�
–

– 
V
P 
In
te
gr
at
io
n

�
�

�
N
/A

�
�

N
/A

�
�

M
od

el
in

g 
la

ng
ua

ge
s 

L
an
gu

ag
e-
le
ve
l e
xt
en
si
bi
lit
y

�
–

–
�

–
–

–
–

– 
Se

le
ct
iv
e 
te
ch
no

lo
gy

-s
pe
ci
fic

ity
�

–
–

–
–

–
–

–
– 

Te
ch
no
lo
gy
-a
gn
os
tic
 s
yn
ta
x

�
–

��
�

–
�

–
–

– 

M
od

el
 p

ro
ce

ss
in

g 
M
od
el
 p
ro
ce
ss
or
 c
re
at
io
n

�
–

��
–

–
–

–
–

– 
B
un
dl
ed
 c
od
e 
ge
ne
ra
to
rs

�
�

�
�

�
�

–
�

– 
H
an
dw

ri
tte

n 
ex
te
ns
io
n 
of
 g
en
er
at
ed
 c
od

e
�

–
–

�
–

–
N
/A

–
N
/A

 
B
un

dl
ed
 s
ta
tic

 a
na
ly
ze
rs

�
–

–
–

–
–

–
–

– 

M
SA

 e
ng

in
ee

ri
ng

 s
co

pe
 

D
ev
el
op
m
en
t

�
–

�
�

�
�

–
�

-
O
pe
ra
tio

n
�

�
–

–
�

–
–

–
– 

R
ec
on

st
ru
ct
io
n

�
–

–
–

–
–

�
–

�
Q
ua
lit
y 
as
se
ss
m
en
t

�
–

–
–

–
–

–
–

– 

Sy
m
bo
l k

ey
:�

=
 F
ul
l s
up
po
rt
;��

=
 P
ar
tia
l s
up
po
rt
; –

 =
 N
o 
su
pp
or
t



Model-Driven Engineering of Microservice Architectures—The LEMMA Approach 139

based deployment of a modeled microservice within an operation model. The 
modeling languages are practically usable as plugins for the Eclipse IDE. LEMMA 
also bundles its own model processing framework (MPF; Sect. 3.3). The MPF 
facilitates model processor implementation for technology-savvy MSA stakeholders 
by decoupling model processing into phases and allow phase implementation 
by mechanisms that are popular in MSA engineering, e.g., Java and annotation-
based Inversion of Control [47]. We exemplified the usage of LEMMA’s modeling 
languages and MPF in the context of a case study microservice architecture 
(Sect. 3.4). Section 4 presented practical applications of LEMMA for microservice 
code generation (Sect. 4.1), architecture reconstruction (Sect. 4.2), quality analysis 
(Sect. 4.3), defect resolution (Sect. 4.4), and establishing a common architecture 
understanding (Sect. 4.5). Section 5 compared LEMMA to related approaches and 
concluded that LEMMA has particular strengths in (i) holistic MSA modeling 
based on viewpoint integration; (ii) language-level extensibility, enabling model-
based reification of architecture patterns and selective technology-specificity; (iii) 
model processing, by bundling a specialized MPF together with sophisticated 
model processors for code generation and quality analysis; and (iv) versatility, 
making LEMMA applicable in microservice development, operation, architecture 
reconstruction, and quality assessment. 

In our ongoing and future works, we combine LEMMA with formal techniques 
for correct microservice behavior specification [31, 32]. Moreover, while we have 
already empirically shown that LEMMA is effective for MSA modeling [112], 
we plan to evaluate it further in industry-related development processes of small-
and medium-sized enterprises. In addition, two doctoral students currently improve 
LEMMA to (i) better integrate with distributed and non-modeling microservice 
teams [113, 115]; and (ii) increase the coverage and correctness of LEMMA-based 
reconstruction processes [126]. 
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