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Abstract. Topology and Orchestration Specification for Cloud Applications (TOSCA) has become the de facto standard for specifying the
topology of cloud applications, their deployment on cloud resources, and
their orchestration. In recent years, also the cloud research community
has shown increasing interest in TOSCA, leading to an increasing number of publications. These publications address different topics around
TOSCA, e.g., devise sophisticated cloud orchestration methodologies using TOSCA, extend the language of TOSCA, or present tools for manipulating TOSCA models. To help researchers and practitioners overview
this multifaceted area of research, this paper presents the results of a
systematic survey of the relevant literature.
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1

Introduction

With the widespread adoption of cloud computing, more and more applications
are deployed in a cloud setting. For complex applications, comprising many components with different technical dependencies and constraints, also making use of
different platform components, the deployment and ongoing management tasks
have become dauntingly complicated and error-prone using traditional tools [59].
Also, the lack of interoperability between different tools became a severe limitation [8]. Thus, the need arose to describe cloud applications and related management tasks on a higher level of abstraction, in a standardized format.
To address these issues, the Organization for the Advancement of Structured
Information Standards (OASIS) published the Topology and Orchestration Specification for Cloud Applications (TOSCA) standard in 2013 [65]. TOSCA is a
modeling language addressing the deployment and portability of applications,
as well as the interoperability and reusability of individual components of these
applications [6]. The concept of TOSCA includes two aspects: (i) the structural
?
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description of a composite cloud application as a topology graph and (ii) management plans for deploying and maintaining cloud applications.
The description of the topology of an application uses two types of elements:
nodes and relationships. Nodes represent individual components, and also define
management operations for those components, such as for creating, configuring
or starting the component [43]. Relationship types describe the relationships of
the individual components to each other; for example, a “hosted-on” relationship
can be used to allocate virtual resources to the respective physical components.
TOSCA foresees two types of processing for the deployment of composite
applications [10]. In imperative processing, a Management Plan defines the exact
management operations and their execution order. TOSCA uses existing workflow languages such as Business Process Model and Notation [66] and Business
Process Execution Language [64] for the definition of Management Plans. For
declarative processing, no Management Plans are defined; instead, a runtime system interprets the application topology and infers the necessary steps for typical
operations (e.g., deployment) based on appropriate conventions.
The original TOSCA specification was based on XML. The simplified TOSCA
profile, released in 2016, used YAML, “to simplify the authoring of TOSCA
service templates” [67]. For a more detailed introduction to TOSCA, the reader
is referred to the overview papers of Binz et al. [6] and Brogi et al. [25].
Beside its industrial adoption1 , TOSCA also sparked significant interest in
the research community. It has played various roles in different research approaches: some used TOSCA as part of a more general methodology, others
extended the modeling capabilities of TOSCA, or designed tools to support the
manipulation of TOSCA models. This multifaceted use of TOSCA and the growing number of relevant papers make it hard to track all related research. Therefore, the aim of this paper is to give an overview about the use of TOSCA in
the research community. We performed a systematic literature survey to devise
a taxonomy of the main research topics that have been addressed in connection
with TOSCA in recent years. The analysis of the results also gives hints about
potential directions for future research.

2

Survey methodology

For our literature survey, we used a systematic methodology [16]. Fig. 1 gives an
overview of the process. In the first step, we used keyword search to identify the
set of possibly relevant papers. For this purpose, we used the Scopus database2
and applied the following search string:
“Topology and Orchestration Specification for Cloud Applications” AND
( ABS ( tosca ) OR TITLE ( tosca ) )
Here, ABS and TITLE mean that the given expressions must be contained in
the abstract respectively title of the paper. Searching for the keyword TOSCA in
1
2
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the abstract or the title ensures that TOSCA is a main aspect of the respective
paper. In addition, we are looking for the full version of the term (Topology and
Orchestration Specification for Cloud Applications) to exclude papers that use
the word TOSCA in another meaning.
We focused on the period from 2012 to 2017 (also including the years 2012
and 2017). 2012 was the year in which the first TOSCA papers were published.
We considered only whole years and thus did not consider papers that were
published after 2017. In addition, we excluded very short papers (less than 4
pages). We found 89 papers with this search and sorted out 6 of them due to
their length. Then we used Google Scholar3 to find more papers that could not
be found in the Scopus database, but fit the described search string. In this way
8 more papers could be found, leading to a total of 91 papers.
Afterwards, we read each paper and categorized it using open coding. Parallel to the processing of the papers, we were continuously refining our coding
scheme, building up a taxonomy in a bottom-up fashion, and also refining the
categorization of already processed papers. At the end of this phase, the taxonomy was finished and each paper categorized according to this taxonomy. In the
last step, we analyzed the results to identify focal points of existing research,
trends, as well as possible directions for further research.

3

Survey results

TOSCA was officially introduced in 2013, but the first papers about TOSCA
were published already in 2012. As Fig. 2 shows, the number of papers quickly
rose to reach a peak in 2014. In the subsequent two years, the number of publications decreased, but 2017 marked a significant growth again, actually leading
to the highest number of papers in a single year. This renewed interest may be
related to the release of the simplified TOSCA profile in 2016.
Fig. 3 presents the taxonomy that we developed based on the analyzed papers. On the highest level, we categorized the papers based on their main contribution regarding TOSCA. We identified the following categories:
3
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Fig. 3. Taxonomy for categorizing the processed papers

– Tools: papers describing a tool for TOSCA. Further categorization is possible based on the type of tool; in particular, this includes modeling tools,
tools for deployment automation, and run-time environments.
– Extension of language: approaches that extend the TOSCA language.
The extension may relate to topologies, Management Plans, or both. Furthermore, extensions aiming at a visual notation also belong to this category.
– Methodologies for manipulating TOSCA models: papers describing
a methodology for processing TOSCA models. The identified sub-categories
are: papers about processing TOSCA topology models, approaches that combine declarative and imperative processing, solutions to enforce some given
policies, and verification of cloud orchestration.
– Relation to other solutions: papers about a relation (e.g., comparison or
conversion) between TOSCA and some other technique.
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– Usage of TOSCA: papers demonstrating the use of TOSCA. This includes case studies that showcase the practical applicability of TOSCA, papers about the contribution of TOSCA to DevOps, papers about the use of
TOSCA in an IoT (Internet of Things) setting, as well as papers about the
use of TOSCA models for testing purposes.
– TOSCA introduction: papers that introduce TOSCA or some of the concepts within TOSCA.
The following subsections describe some representative papers in each category of the taxonomy of Fig. 3, except for the category “TOSCA introduction.”
(Due to space limitation we cannot describe all found papers in detail.)
3.1

Tools

The Tools category consists of papers mainly presenting tools for describing,
deploying, and instantiating cloud applications using TOSCA. Prototypes that
only serve to evaluate an approach are not assigned to this category.
Kopp et al. present the web-based modeling tool Winery [52]. First, Winery
includes the Topology Modeler, with which components can be combined to
form an application topology. Second, Winery contains the Element Manager,
which can be used to create, modify, and delete the components contained in
the topologies. In addition to Topology Modeler and Element Manager, Winery
includes a repository to store the data for the other two components. Kopp et
al. also propose an extension to Winery that can be used to model Management
Plans [53]. However, this approach was only implemented as a prototype.
Binz et al. describe OpenTOSCA, a runtime for imperative processing of
TOSCA applications [5]. This runtime serves to execute the defined Management
Plans respectively the operations described within the nodes. Wettinger et al.
present an extension to OpenTOSCA in the form of a unified invocation interface
[92, 93]. This interface provides the logic to perform management operations and
hides the technical details of the underlying technologies. The interface is called
from the Management Plans to provision an application.
Breitenbücher et al. add Vinothek to these two tools [12]. Vinothek offers the
user an interface for providing an instance of an application. For this purpose, the
user is offered the set of applications without having to deal with the technical
details. The selected application is started by a connected runtime.
Katsaros et al. also provide a tool to deploy and manage software components
[48]. The execution environment TOSCA2Chef parses TOSCA documents and
deploys the components described in OpenStack Clouds using the Opscode Chef
configuration management software and BPEL processes.
3.2

Extension of language

This subsection deals with the extension of the language of TOSCA. This extension can affect the Topology elements defined in the standard and/or the
languages used by TOSCA to describe the Management Plans.
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Brogi et al. extend TOSCA by means for specifying the behavior of the
application components when executing the management operations defined in
the nodes [17–19]. Considering the effects of the operations to be performed
and the states that the components assume after execution, the validation of
Management Plans is possible. In a valid Management Plan, all actions are
performed in the correct order. In an invalid plan, for example, the start process
could be defined to run before installing a component.
Zimmermann et al. define an extension to the topology modeling in TOSCA,
regarding the business operations of the individual components, which should
be displayed in a technology-agnostic manner [99]. The application deployment
described in this approach includes a service bus for communication between the
individual components, respectively for calling these business operations using
identifiers and interface descriptions.
Other papers focus on expanding the language of the Management Plans.
Kopp et al. extend the Business Process Model and Notation (BPMN) to provide
direct access to the topology elements [51]. The extension, called BPMN4TOSCA,
can be transformed into standards-compliant BPMN. Vetter shows an approach
that describes the Management Plans through XML nets [88]. This description
allows the search for errors in the defined plans by finding anti-patterns. An
anti-pattern could be for instance a missing or unneeded action.
Breitenbücher et al. propose a visual notation to unify the presentation of
nodes within the topology, to avoid misunderstandings in the interpretation of
the topologies defined in XML [13]. This involves the presentation of nodes and
relationship templates, as well as groups for combining multiple elements into a
single element to reduce the complexity of large representations.
3.3

Methodologies for manipulating TOSCA models

Various approaches have been proposed to work with TOSCA models. Some
focus on the processing of topologies, whereas others also take Management Plans
into account to enforce policies, to verify the orchestration of the components,
or to combine declarative and imperative processing.
Processing of Topologies Brogi and Soldani describe an approach that involves matching between individual Node Types and Service Templates [22–24].
This matching allows sets of Node Types to be grouped together in a topology
to reduce its complexity. In addition, proven combinations of Node Types can
be reused in new application topologies. For this purpose, the authors define
(i) exact matching between Node Type and Service Template and propose further definitions for (ii) plug-in, (iii) flexible and (iv) white-box matching. Exact
matching between Service Template and Node Type exists if the requirements
and offered services are perfectly compatible with each other. In the case of
plug-in matching, the requirements of the Service Template are weaker and the
capabilities offered higher than those of the Node Type. The other two types,
flexible and white-box matching, involve non-essential, syntactic differences between feature names and missing Service Template requirements or capabilities.
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Service Templates with the other three properties can be adapted to create a
new template that fits exactly a given node type.
Binz et al. propose sharing resources to save costs [7]. The rationale is that
container components (for example, virtual machines) are underutilized by one
single application component and additional components can be hosted by these
containers. For this purpose, the topologies from two applications that use the
same container components are merged into a topology after a feasibility check
has been performed. This process results in a topology in which both applications
retain their respective functionality. Saatkamp et al. present another approach to
save costs when running cloud applications, by adapting the application topology
when a provider specifies a new offer and certain components of the application
need to be migrated to new container components [76]. The approach checks
whether the capabilities offered match the requirements of the given application
components and splits the topology over the providers’ offerings.
Automatic completion of TOSCA topology models has also been considered.
The aim is that an application developer only has to model the business-relevant
components and the underlying infrastructure is automatically added. This leads
to a reduction of the effort because the developer does not have to know the technical details of the infrastructure, platform and software components to deploy
an application. Multiple approaches were proposed to achieve this aim. The approach of Hirmer et al. is based on a repository of nodes and relationships [45].
This repository is used by a prototypical extension of Winery to complete incomplete topologies. The developer can follow the completion of the topology step
by step and adjust if necessary. The approach of Panarello et al. also tracks the
completion of application topologies [68]. This involves distributing the components of an application through the offerings of the providers of a federation. A
Decision-Making component selects the appropriate offers and a Topology Completion Manager completes the incomplete topology accordingly. Also Brogi et
al. present an approach for a related purpose [21]. It uses the prototype DrACO,
which receives information about suitable cloud offerings through crawling the
network and storing their TOSCA representation in a repository. This representation can be used by the application developer to complete the topology.
Soldani et al. present TOSCAMart, an approach to reuse proven topologies in
new environments [81]. TOSCAMart is based on a repository of various existing
topologies provided to an application developer for the development of a new
composite application. The developer defines a node in the new topology that
describes the requirements for the fragment being inserted. TOSCAMart then
selects a suitable solution for these requirements from the repository. Matching
between a given node and the fragments from the repository is based on the
definitions for exact and plug-in matching mentioned earlier.
TOSCA Node Types point to artifacts implementing the installation and deployment operations. Selecting an artifact that meets the requirements of the
user requires technology-specific expertise. Combining artifacts to deploy complex applications is difficult and error-prone. To solve these problems, Endres
et al. present a method that crawls open-source repositories and transforms the
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found artifacts into technology-agnostic topology models [37]. These topology
models facilitate the understanding of the functionality of the associated artifacts and can be combined to model the deployment of complex applications.
Combining declarative and imperative processing Breitenbücher et al.
propose an approach that combines declarative and imperative to hybrid processing [10, 11]. Declarative processing is not suitable for larger applications because only general components and predefined operations known by the runtime
can be executed. The disadvantage of imperative processing is that creating
Management Plans is time-consuming, expensive, and error-prone. To overcome
the drawbacks of both, the approaches are combined to a hybrid approach. The
defined application topologies are interpreted and finally the associated Management Plans are generated. These can be finally adjusted by the developer.
Calcaterra et al. present a similar approach, also based on interpreting a
topology and providing the appropriate Management Plan [26]. To do this, a
converter translates the YAML model into a BPMN model, which is used to
deploy the application. In addition, the approach still provides the ability for
cloud providers to define and deliver their offerings so that users can choose
the offer that best suits their needs. However, the presented prototype of this
application only translates some of these functions.
Policy Enforcement Waizenegger et al. present a prototypical implementation
of a TOSCA runtime extension to enforce policies describing non-functional requirements, specifically security properties, such as the encryption of a database
or the geographic positioning of privacy-related data [89, 90]. Policies can be
defined using both single-node management operations and Management Plans.
Developers can create different instances of a policy so that the user can choose
a specific version without having to adjust the entire template.
Verification of Cloud Orchestration Yoshida et al. describe an approach
to the formal verification of TOSCA topologies that can be used to test the
achievement of a particular target state in declarative processing of the TOSCA
model [98]. The execution of the management operation is described by a state
transition system in which a state with a certain property is to be reached.
Also Chareonsuk and Vatanawood deal with the formal verification of cloud
orchestration design [31]. However, this approach, unlike that of Yoshida et al.,
considers imperative processing. For this purpose, a CSAR file containing the
TOSCA topology and associated BPEL processes is converted into a formal
model, to which a Model Checker is applied. The WSDL description of the
used web services is also considered to take into account the signatures of the
individual method invocations for verification. The authors use the description
of safety properties as linear temporal logic formulae for model checking.
The approach of Tsigkanos and Kehrer is about defining patterns and antipatterns and finally checking their presence or absence in the topology of a
TOSCA service template, so that quality aspects can be proven [86].
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Relation to other solutions

This category includes papers discussing (i) the comparison between TOSCA and
other methods for describing cloud resources, and (ii) the automatic translation
between TOSCA and another modeling language.
A comparison between TOSCA and the Heat Orchestration Template (HOT)
is provided by Di Martino et al. [33]. HOT is the template format used to
define the structure of an application for declarative processing by the OpenStack
orchestrator Heat. The main difference between the two approaches is that HOT
does not support workflow definition, which is possible with TOSCA: HOT is
purely declarative, whereas TOSCA also supports imperative processing using
Management Plans. Also similarities are shown, for example, both provide a
catalog of nodes and resources that can be composed to applications.
For the translation of TOSCA into the HOT format, OpenStack has developed the project HEAT-Translator. This takes a format as input that is not
compatible with HEAT and translates it into the HOT format. Among others
Tricomi et al. present a deployment approach using the HEAT-Translator [85].
Yongsiriwit et al. address the interoperability of standards for describing
cloud resources: TOSCA, Open Cloud Computing Interface (OCCI) and Cloud
Infrastructure Management Interface (CIMI) [97]. For interoperability, ontologies
are defined that describe the resources noted in each standard. In addition, an
upper-level ontology is presented to describe cloud resources regardless of the
used standards. Using inference rules, the special descriptions can be translated
into this higher-level format and vice versa, which also allows the translation
from one standard to another. Using the upper ontology, a knowledge base could
be created, providing insights into relationships and possible inconsistencies.
3.5

Usage of TOSCA

This category consists of approaches that use the existing TOSCA notation.
Some papers present a case study of the use of TOSCA. In some others, TOSCA
is not the main focus, but only a means to achieve some goal. Some further papers
discuss integrating TOSCA with other concepts to combine their benefits.
Kostoska et al. present a case study of the use of TOSCA for specifying the
University Management System iKnow [54]. This system offers professors and
students a platform to exchange electronic information and provide electronic
services. The paper describes how the components of this application are defined
using TOSCA. Examples show excerpts from the XML specification of node
and relationship types, as well as artifacts that can be used for deployment and
installation. It also mentions the challenges of using TOSCA for the specification
of this application.
A different domain for using TOSCA is the specification of Internet of Things
(IoT) applications. This area is addressed by various authors. Li et al. show
how TOSCA can be used for an IoT application, namely an Air Handling Unit
(AHU) that controls the condition and circulation of air in modern buildings [57].
The authors give examples of how to define the components of the application
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and describe their experience using TOSCA for this use case. Also Da Silva
et al. demonstrate the feasibility of defining IoT applications using TOSCA,
in the context of different technologies [32]. In another paper, Da Silva et al.
address the multitude of sensor data produced in IoT scenarios [79]. The authors
describe how Complex Event Processing Systems can be deployed using TOSCA
to process the incoming data and efficiently use network resources.
Wettinger et al. show the use of TOSCA in the DevOps area [94, 95]. A core
principle of DevOps is to automate the deployment process to enable continuous software delivery. The authors address the challenge of combining different
DevOps artifacts. For this purpose, a framework is presented to search public
repositories for such artifacts. These artifacts are converted into TOSCA format
to ensure a uniform representation and to enable their combination. Specifically,
the transformation of Chef cookbooks and Juju charms is described. In another
paper, Wettinger et al. integrate Configuration Management with Model-Driven
Cloud Management in the context of DevOps [91]. Model-driven cloud management provides an overview of the structure of a complex application and
supports the developer in handling necessary infrastructure changes, abstracting from lower-level actions (like installation or configuration of components),
which in turn are provided by Configuration Management. The paper deals with
the integration of TOSCA as a vehicle for Model-Driven Cloud Management
and Chef as a Configuration Management tool. Integration aims at defining a
holistic service model while ensuring its portability.
Cardoso et al. integrate TOSCA with the service description language USDL
[27]. USDL is used to describe service offerings of an application, so that service
discovery and selection can be simplified. TOSCA is used to deploy and manage
the components of an application. This paper describes how the two languages
can be combined so that parts of the lifecycle of an application can be automated.
Sampaio et al. define an approach to performing performance tests for cloud
application topologies [78]. For the tests, different variants of a topology are
specified with the help of TOSCA. After being deployed, these variants are
evaluated on the basis of performance parameters chosen by the user.

4

Discussion

We analyzed the distribution of papers among the taxonomy categories, also
taking into account the evolution along the time axis. Fig. 4 shows the distribution of papers among the categories for the two halves of the investigated
time period (first respectively second column). It can be observed that the two
biggest categories are “Usage of TOSCA” and “Methodologies for manipulating
TOSCA models.” This holds for both halves of the period. Also, both categories
grew significantly over time. The biggest relative growth, however, was produced
by the “Relation to other solutions” category, which grew from 0 to 7. Also the
“Extension of language” category grew considerably. A possible explanation is
that such papers address rather specific and advanced topics that gain more
relevance when the given field of study matures.

Cloud topology and orchestration using TOSCA

11

45
Usage of TOSCA:
23

40

Number of papers

35
30

Usage of TOSCA:
16

25
20

TOSCA
introduction: 6

15

Tools: 6

10

Methodologies for
manipulating
TOSCA models: 7
Extension of
language: 5

5

0

2012-2014

Tools: 1
Relation to other
solutions: 7
Methodologies for
manipulating
TOSCA models: 12
Extension of
language: 8

2015-2017

Fig. 4. Evolution of the number of papers belonging to the categories of the taxonomy

There were also two categories that diminished. Understandably, “TOSCA
introduction” papers were only published in the first half of the period when
TOSCA was new. More interestingly, also the number of “Tools” papers decreased considerably. This might be explained by the fact that the industrial
adoption of TOSCA has led to the development of tools in industry, so that tool
development has become less relevant for research.
Qualitatively, the findings of our survey show the versatility of TOSCA: its
use in many different domains (also beyond cloud computing), for different purposes, in different phases of the service lifecycle, by different groups of users.
This versatility is mainly due to (i) the possibility to define custom types for
nodes, relationships, and capabilities and (ii) the possibility to define and manipulate partial topologies. Indeed, most surveyed papers use some additional types
(and this is also planned for future research [61, 32]). Partial topologies make
it possible to define an application without the technical details of the physical
components and to optimize the deployment (which is also planned to be used in
the future by several authors [68, 21, 79]). However, this versatility also poses the
risk of the proliferation of different and incompatible TOSCA dialects. Hence we
expect that interoperability will play an increasingly important role.
Furthermore, the survey results show that the following topics have received
limited attention so far and represent important topics for future research:
– Given the enormous importance of security in cloud computing, it is striking
that very few papers address it so far (although several authors mentioned
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it as future work [78, 97, 76]). Also, TOSCA support for other related topics
like privacy need to be investigated.
– The topic of verification and validation (V&V) is also addressed by few
papers. Since V&V activities make up a significant part of the IT budget of
an organization, we expect to see more work on how TOSCA can be used to
make V&V more efficient and effective.
– Partial topologies open many possibilities for optimization, from which only
a little has been investigated, mainly in connection with cost minimization.
Many other aspects of optimization, e.g., related to performance and reliability, are yet to be explored.
– TOSCA has been shown to be useful in areas such as IoT and DevOps.
We expect to see TOSCA being applied to new domains like fog and edge
computing or mobile computing. TOSCA could be used as a framework for
integrating different technologies, e.g. to support mobile cloud computing.

5

Conclusions

This paper presented a systematic literature review on TOSCA. The identified
papers addressed a variety of topics, which we grouped into six categories (some
further subdivided into several sub-categories). The categories with the highest
number of papers were: (1) papers reporting on the use of TOSCA, (2) methodologies for manipulating TOSCA models, and (3) extensions of TOSCA.
Our survey showed the versatility of TOSCA, but also discovered areas that
are hardly explored so far and may represent targets for future research. Examples include security and privacy aspects, as well as verification and validation in
connection with TOSCA models. Hence we expect TOSCA to remain a relevant
topic for future cloud research.
Acknowledgment. This work received funding from the European Union’s Horizon
2020 research and innovation programme (grant agreement 731678 (RestAssured)).

References
1. Alonso, J., Orue-Echevarria, L., Escalante, M.: Cloud compliant applications: A
reference framework to assess the maturity of software applications with respect
to cloud. In: Proc. MESOCA 2015. pp. 41–45 (2015)
2. Antonenko, V., Smeliansky, R., Ermilov, A., Plakunov, A., Pinaeva, N., Romanov,
A.: C2: General purpose cloud platform with nfv life-cycle management. In: Proc.
CloudCom 2017. vol. 2017-December, pp. 353–356 (2017)
3. Antonenko, V., Smeliansky, R., Ermilov, A., Romanov, A., Pinaeva, N., Plakunov,
A.: Cloud infrastructure for researchers basing on nfvmanagement and orchestration. In: Proc. NEC 2017. vol. 2023, pp. 75–81 (2017)
4. Antoniades, D., Loulloudes, N., Foudoulis, A., Sophokleous, C., Trihinas, D., Pallis,
G., Dikaiakos, M., Kornmayer, H.: Enabling Cloud Application Portability. In:
Proc. UCC 2015. pp. 354–360 (2015)
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79. Franco da Silva, A., Hirmer, P., Breitenbücher, U., Kopp, O., Mitschang, B.: Customization and provisioning of complex event processing using TOSCA. Computer
Science – Research and Development pp. 1–11 (2017)
80. Silva, G., Rose, L., Calinescu, R.: Cloud dsl: A language for supporting cloud portability by describing cloud entities. In: CEUR Workshop Proceedings. vol. 1242, pp.
36–45 (2014)
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