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ABSTRACT Aiming to optimise the performance of the computing layers of Internet of Things (IoT) systems, one of the most
widespread techniques is the well-known task scheduling. Not only to develop but also to put task scheduling techniques in
production, they have to be tested. Nevertheless, IoT systems are complex scenarios with high technological heterogeneity.
Thus, testing task scheduling methods in the IoT context involves an investment of money, time and effort in acquiring devices,
their configuration, deployment, etc. To avoid this, the system can be simulated and tests can be conducted through these
simulations. Moreover, the underlying technical complexity of IoT systems can be reduced by increasing the abstraction level
from which these systems are designed. Simulators based on model-driven development can help both to test and tackle the
technological complexity of IoT systems. In this paper, a Domain-Specific Language based on SimulateIoT is proposed for the
design, code generation and simulation of IoT systems for the assessment of task scheduling methods. Simulations include the
generation and offloading of workflow-based tasks, the components required to handle these tasks, as well as the required
resources to integrate the users’ task scheduling methods in the simulations. All this, while providing an infrastructure based on
the cloud-to-thing continuum paradigm on which to deploy and test these task scheduling environments, i.e., simulations can
include the mist, edge, fog and cloud layers and the federation between them. In addition, a case study focused on an Industrial
IoT (IIoT) system is illustrated to show the applicability of the proposed simulator.

KEYWORDS IoT, Model-driven development, Simulation, Task scheduling, Cloud-to-thing continuum.

1. Introduction
The Internet of Things (IoT) is being exploited in several areas
such as smart-cities, home environments, agriculture, industry,
intelligent buildings, etc.(Siow et al. 2018). In this regard,
IoT applications can be very different from each other and
therefore have different requirements and needs such as specific
Quality of Service (QoS) (Samann et al. 2021) or Service-Level-
Agreement (SLA) (Girs et al. 2020).

In order to satisfy these requirements, cloud computing
emerged. Thus, supporting the rapid growth of users and
applications, and providing them with elastic services such
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as Infrastructure-as-a-Service (IaaS), Platforms-as-a-Service
(PaaS), and Software-as-a-Service (SaaS) with minimum re-
source consumption (Qian et al. 2009; Rashid & Chaturvedi
2019). However, due to the rapid growth of the IoT and the
increasing demand for a better QoS, fog computing emerged
(H. & V. 2021). Nearer of the edge/mist computing, although
with fewer computing resources than the cloud (H. & V. 2021),
this computing layer is able to provide better QoS to specific
IoT applications and users such as IoV (Internet of Vehicles)
(Yu et al. 2018) or IIoT (Industrial Internet of Things) delay-
sensitive applications (Aazam et al. 2018). Thus, different
computing layers (cloud, fog, edge and mist) coexist in the IoT
providing different services to the system, from the cloud layer
to the end devices (mist/IoT layer). Furthermore, the nodes
that form each of these layers can be federated, acting as a
single entity instead of isolated nodes, including nodes that be-
long to different computing layers conforming cloud-fog-edge
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heterogeneous federations (Bittencourt et al. 2018; Kar et al.
2022; Mijuskovic et al. 2021). Consequently, the cloud-to-thing
continuum paradigm emerges, which could be defined as the
coordination of services and resources between the different
computing layers mentioned above. Allowing data flow across
cloud data centers, intermediary nodes like edge or fog nodes,
and end-user devices, facilitating more efficient, responsive, and
resilient computing solutions (Bittencourt et al. 2018).

While the IoT infrastructure was being developed and en-
hanced, different techniques for optimally managing their
resources were also developed and proposed. One of the
most widespread techniques is the well-known task scheduling
(Arunarani et al. 2019a; Alizadeh et al. 2020). Task scheduling
is often applied to distributed computing environments, such
as IoT systems that rely on an architecture based on the above
described cloud-to-thing continuum, where services are decom-
posed into a set of tasks which have to be processed by the
computing nodes of this federation (Singh et al. 2017; Hossein-
ioun et al. 2022). Note that in this communication, task refers
to an individual unit of work or a specific job that needs to be
performed. This can include data collection, data processing,
control commands, or other computational processes. In this
context, task scheduling proposals aim to schedule the process-
ing of these tasks, thus optimising the system and the use of
system resources from different perspectives, e.g., there are
proposals that aim at reducing the makespan (time required to
process a task) (S. Gupta et al. 2022; Al-Maytami et al. 2019),
optimising the system energy consumption (Ding et al. 2020;
Sandhu et al. 2021), the cost of task processing (Shu et al. 2021;
Gazori et al. 2020), etc.

However, testing is required during the development stage
of these proposals, besides these tests have to be isolated as
otherwise, they could affect the system in production. Fur-
thermore, novel task scheduling proposals are often compared
with existing ones in order to better determine the strengths
and limitations of these proposals. Consequently, this implies
an investment of money, time and effort in the acquisition of
devices, their configuration, deployment, etc. However, these
IoT systems can be simulated, and the task scheduling proposals
deployed, tested and analysed in these simulated systems, thus
avoiding the aforementioned costs in device acquisition, config-
uration, etc. For instance, the study (Hosseinioun et al. 2022)
reports that 90% of the task scheduling proposals applied to fog
computing environments use simulators for the aforementioned
purposes.

Note that in the context of this communication, simulation
refers to the procedure of creating and deploying a digital replica
of a real-world system, without having to materialise it phys-
ically. On the other hand, testing denotes the application of
specific scenarios or conditions to a software component or a
system. The purpose of these tests is to reproduce possible
situations the system might encounter and then observe and
analyse the responses of the system under these conditions.
Therefore, in this communication, the intention is to facilitate
the performing of these tests by means of simulations.

On the other hand, as described above, IoT systems present
a high technological heterogeneity and a complex infrastruc-

ture. However, increasing the abstraction level from which the
IoT systems are designed helps to tackle the underlying techno-
logical complexity. In this regard, model-driven development
(MDD) can help to both reduce the IoT application time to
market and tackle the technological complexity to develop IoT
applications (Barriga et al. 2023).

In this regard, SimulateIoT (Barriga et al. 2021) is a simulator
based on model-driven development that makes it possible to
design and simulate IoT systems. The IoT systems designed
with SimulateIoT can include different IoT nodes such as cloud,
fog, or edge nodes and multiple computing services such as
Complex Event Processing (CEP) services, publish/subscribe
services or storage services. However, SimulateIoT is not able
to simulate a suitable IoT infrastructure to test task scheduling
proposals.

In this communication, SimulateIoT (Barriga et al. 2021)
is extended towards the cloud-to-thing continuum paradigm
for task scheduling assessments. Thus, the simulator proposed
includes the main concepts of task scheduling (federations, tasks
generation and processing, etc.) to model, generate and simulate
IoT systems with the required infrastructure to support task
scheduling, allowing users to deploy, test, compare and analyse
their task scheduling proposals.

Note that the content described in this communication only
focuses on describing new contributions or features added as
part of the extension. Therefore, all the content in this commu-
nication is novel, although some references to SimulateIoT are
included where necessary to describe some aspects of the new
contributions.

The main work contributions are the following:

– The extension of the metamodel of SimulateIoT towards
task scheduling and the cloud-to-thing continuum. This
extension provides users with a metamodel that enables the
design of models based on IoT systems with task schedul-
ing capabilities. In addition, this extended metamodel
enables users to model cloud-to-thing continuum infras-
tructures on which to deploy and test these task scheduling
features.

– The extension of the model-to-text (M2T) transformations
of SimulateIoT towards the task scheduling and the cloud-
to-thing continuum. This extension ensures that the M2T
transformations required to generate and simulate the sys-
tems modelled conform to the extended metamodel.

– The extension of the concrete syntax of SimulateIoT to-
wards task scheduling and the cloud-to-thing continuum.
This extension enables users to design, in a graphical man-
ner, the IoT system models conform to the extended meta-
model.

– A case study to validate and show the applicability of the
proposal.

The rest of the paper is structured as follows. In Section
2, we give an overview of existing IoT simulation approaches
centred on both low-level and high-level IoT simulation envi-
ronments. Next, Section 3 gives a holistic view of the task
scheduling and cloud-to-thing continuum model envisaged and
the extended simulator. Next, Section 4 presents the extended
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simulator taking into account the design and implementation
stages including the new metamodel and the graphical editor. In
Section 5, the M2T transformations from the extended simulator
models to code are addressed. In Section 6 the simulation out-
puts, possible tests and assessments are illustrated. In Section 7,
a case study to show the applicability of the extended simulator
is presented. Finally, Section 8 concludes the paper.

2. Related Works

A large amount of IoT simulators are available in the literature.
However, only a few of them allow the simulation of IoT sys-
tems with task scheduling features. Below, those most relevant
to the proposal carried out in this communication are addressed.
Note that the review of these �rst related works is mainly fo-
cused on the task scheduling features that the simulators are
able to simulate.

iFogSim (H. Gupta et al. 2017) is one of the most popular
IoT simulators in literature. It is an extension of CloudSim
(Calheiros et al. 2011), although it is focused on the simulation
of the fog layer of the system. It is able to simulate the cloud, fog
and edge layer of an IoT system, simulating hardware features,
such as the CPU or memory of each device, network features
such as the delay and bandwidth between devices, federation
between the fog and the cloud nodes, etc. As for task scheduling,
it facilitates the design of work�ows using DAGs (Directed
Acyclic Graphs), which are mathematical structures suitable for
representing them. Moreover, iFogSim allows the simulation of
the processing of tasks (those related to the above-mentioned
work�ows). In this way, users can design applications and
specify the tasks they of�oad during the simulation. However,
this simulator does not provide knowledge about the availability
(status) of nodes, links between nodes or the tasks' waiting time,
i.e. the time that a task needs to wait until its processing.

Work�owSim (Chen & Deelman 2012) is another simula-
tor based on CloudSim, although it is focused on simulating
the work�ow scheduling. In this way, this tool allows users to
simulate the processing of these work�ows, including task pro-
cessing fails, to test several algorithms and policies (although it
does not include resources focused on allowing the integration
of users' proposals), and all the elements included in CloudSim.
Although this tool is interesting because is mainly focused on
task scheduling purposes, it was published in 2012 and is no
longer maintained, so nowadays it is deprecated. Additionally,
it does not support current elements related to IoT systems such
as edge nodes, fog nodes, federations between nodes, etc.

YAFS (Lera et al. 2019) is a simulator whose main purpose
is to simulate the deployment and execution of applications in
a Cloud-fog IoT environment. In this way, users can analyse
which is the best allocation of applications and resources strate-
gies, the best network routing strategies for the of�oaded data of
the deployed applications and also the best scheduling strategy.
In order to allow users to model the tasks that constitute an
application, DDFs (Distributed Data Flows) are used, which are
similar to work�ows and DAGs. However, this simulator does
not include some relevant data about task processing such as
the time required to process a speci�c task or the status of the

links that inter-connect each node of the simulation.
ScSF (Rodrigo et al. 2018) is a simulation tool that focuses

only on task scheduling purposes. So, a positive aspect of this
tool is that it is not only focused on IoT systems but focuses
on any system with task scheduling needs, offering its utilities
to a broad spectrum of users. But on the contrary, without
offering speci�c concepts that could be found in an IoT system.
In this way, ScSF includes a set of modules that takes as input
a system model (processors) and the work�ows to schedule.
Then, it reports as output the scheduling of each work�ow in
the processor system taken as input.

These IoT simulators allow the simulation of IoT systems as
well as the performance analysis of task scheduling algorithms
running on top of these simulations. The most similar related
work to the proposal presented in this paper is Work�owSim.
However, each simulator has its own advantages and disadvan-
tages for speci�c use cases. Consequently, a thorough analysis
tailored to the user's speci�c needs is necessary to select the
most suitable simulator for their proposal.

So, in order to compare simulators several quality indicators
could be taken into account such as the range of features or the
types of environments it can simulate, its reliability, speed, �ex-
ibility or its learning curve. Following, several distinguishing
features that set apart the proposal presented in this paper from
Work�owSim and the other simulators discussed in this section
are highlighted.

1. The proposed simulator is a hybrid simulator/emulator,
i.e. it generates and deploys the real architecture of the
modelled IoT system (emulation), and simulates some pro-
cesses related to task scheduling such as the generation
of tasks, their of�oading to the system or their processing.
The rest of the simulators described above base their re-
sults on mathematical models. Note that, with the term
mathematical model we refer to a set of algorithms that
simulate the behaviour of a concrete physical device or
system. However, they do not deploy real component
architectures on which to simulate and test task schedul-
ing processes. Although mathematical models have been
widely and successfully used over time, relying only on
mathematical models could affect the trustworthiness of
the simulation and testing results due to the inherent lim-
itations of these models in accurately re�ecting reality,
especially when dealing with complex systems (Sterman
2002; Saltelli & Funtowicz 2014; Fisher et al. 2019). For
this reason, trustworthiness is one of the open challenges
in the �eld of IoT simulation (Mishra et al. 2012; Gluhak et
al. 2011; Chernyshev et al. 2018). However, by emulating
part of the IoT system this gap can be mitigated (McGregor
2002; Erazo & Liu 2013).

2. The proposed simulator is based on the MDD, addressing
the design of the simulations from a high level of abstrac-
tion. It focuses on the high-level concepts of the IoT and
task scheduling systems domain and their relationships,
rather than on low-level details.

3. The proposed simulator is updated to current simulation
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and testing needs, e.g., it allows the federation of nodes
regardless of the computing layer they belong to. Thus,
allowing cloud-fog-edge federations (cloud-to-thing con-
tinuum infrastructure).

Finally, Table 1 shows a summary of the main features of
each related work included in this section together with the
proposed SimulateIoT extension. The meaning of each column
in Table 1 is described below.

– Simulator: Name of the simulation tool or framework.
– Task Modelling: Indicates the type of task modelling sup-

ported by the simulator (e.g., DAG-based work�ows).
– Failure Modelling: Speci�es if failure modelling is sup-

ported or not.
– Task Optimisation: Indicates if task optimisation tech-

niques are supported.
– Task Scheduling: Speci�es if task scheduling capabilities

are available.
– Task Queueing: Indicates if task queueing is supported.
– Network Delay: Describes the model or type of network

delay that the simulator supports.
– Network Bandwidth Model: Speci�es the model or ap-

proach used to simulate network bandwidth.
– Node Federation: Indicates if the simulator supports feder-

ations of edge, fog and/or cloud nodes.
– Underlying Simulation Model: Describes the underlying

simulation model or approach used.
– Provides Integration API: Speci�es if the simulator pro-

vides an integration API for external systems such as user
proposals (e.g. task scheduling proposal).

– Focus: Describes the main focus or application domain of
the simulator.

– Case Use De�nition: Speci�es the format or method for
de�ning use cases in the simulator.

As for the notation used in Table 1,Limitedmeans that the
simulator provides some options and does not allow the user to
integrate their own proposals. On the other hand,User-proposal
means that the simulator provides the �exibility to incorporate
user-suggested solutions or strategies. Note that these concepts,
i.e., Limited andUser-proposal, are used in several columns,
where they mean the same but in the context of the respective
column.

Finally, some �ndings related to Table 1 are highlighted be-
low. Of the four simulators included, only YAFS, ScSF, and
SimulateIoT allow users to integrate their custom solutions in
terms of task scheduling or optimisation algorithms. The lack
of this feature signi�cantly compromises the practical utility of
a simulator. Both SimulateIoT and iFogSim support the mod-
elling and simulation across the four computing layers: mist,
edge, fog, and cloud. Yet, SimulateIoT stands out as the only
one that enables federation among these layers, making it the
sole simulator capable of simulating the nuances of current
cloud-to-thing IoT system infrastructures. In terms of network
modelling, only iFogSim and SimulateIoT offer modelling of
delay, bandwidth, and unidirectional links. Note that such fea-
tures are key in any simulator oriented to the simulation of

IoT systems with task scheduling capabilities. In this context,
it should be noted that iFogSim is not speci�cally designed
for testing task scheduling systems (thus lacking several task
scheduling simulation capabilities). So, only SimulateIoT is
speci�cally oriented towards task scheduling testing and pro-
vides the capabilities to model these networking features.

3. The Cloud-to-Thing Continuum and Task
Scheduling Model, and the Resulting Sim-
ulator

This section aims to introduce the proposed simulator as well
as the systems that it can simulate. Furthermore, as this work
is an extension of SimulateIoT (Barriga et al. 2021), the aim of
this section is also to outline the new features added as part of
this extension. Thus, differentiating between what was previous
work (SimulateIoT) and what is new. Later, with the aim of
conveying a “big picture” of the work carried out in this com-
munication, the extended SimulateIoT capabilities based on this
model are shown by means of a generic simulation overview.

SimulateIoT and therefore the proposed simulator, are based
on the MDD, which is an emerging software engineering re-
search area that aims to develop software guided by models
based on the metamodeling technique. Metamodeling is de-
�ned by four model layers (see Figure 1). Thus, a model (M1)
conforms to a metamodel (M2). Moreover, a metamodel con-
forms to a metametamodel (M3) which is re�exive (Atkinson
& Kuhne 2003). So, a metamodel de�nes the domain con-
cepts and relationships in a speci�c domain in order to model
partial reality. A model (M1) de�nes a concrete system that
conforms to a metamodel. Then, from these models, it is pos-
sible to generate totally or partially the application code (M0 -
code) by M2T transformations (Sendall & Kozaczynski 2003).
Thus, high-level de�nitions (models) can be mapped by M2T
transformations to speci�c technologies (target technology).
Consequently, the software code can be generated for a speci�c
technological platform, improving technological independence
and decreasing error proneness.

Therefore, in order to extend SimulateIoT towards the cloud-
to-thing continuum paradigm and to the task scheduling, it is
required to work in these metamodelling layers. Speci�cally, it
is required to extend: 1) The metamodel or abstract syntax (M2),
2) The graphical concrete syntax, the element that makes it
possible to graphically design models (M1) from the metamodel
(M2) and 3) model-to-text transformations, the element that
carries out the code generation (M0) from models (M1).

Nevertheless, prior to extending SimulateIoT (Barriga et al.
2021) towards the cloud-to-thing continuum and task schedul-
ing, it is crucial to identify the main concepts of these systems.
This characterisation results in a conceptual model, forming the
backbone of this study. Aiming to introduce the work carried
out in this communication, this model is subsequently intro-
duced. Moreover, an outline of the enhanced SimulateIoT, the
resulting simulator after extending it towards this model, is also
provided.
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Table 1 Feature summary of related works and presented proposal.
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Figure 1 The four layers of metamodeling. In SimulateIoT
(Barriga et al. 2021): a) M3 is Ecore, b) M2 is SimulateIoT
Metamodel c) M1 is a model conforms to SimulateIoT Meta-
model and d) Code is generated using the M2T transforma-
tions de�ned in SimulateIoT approach.

3.1. The Proposed Cloud-to-Thing Continuum and Task
Scheduling Model

This section addresses the conceptual model on which the Sim-
ulateIoT extension is based. It provides an introduction to
the key concepts that constitute this model:Task, Task App,
Task Node, Networking Node, Task Processor andTask
Scheduler .

3.1.1. Task Task scheduling systems are based on tasks, i.e.
in this kind of environment, there are nodes that generate, of-
�oad (to the rest of the system), schedule and process tasks. In
this communication, tasks are included by means of work�ows
(Wu et al. 2015; Arunarani et al. 2019b), as is common in lit-
erature (Yao et al. 2021; Asghari et al. 2021; NoorianTalouki
et al. 2022; Ahmad et al. 2021). So, users can de�ne tasks by
means of work�ows that the nodes designed for these purposes
will generate, of�oad, schedule or process.

Figure 2 shows a graphical representation of a work�ow.
This work�ow represents four tasks,Task A, Task B, Task
CandTask D. In this work�ow, each node (circle) represents
a task and each edge represents the dependency between these
tasks.

Concerning task dependency, a dependent task cannot be
processed until all other predecessor tasks have been processed,
e.g., in the work�ow shown in Figure 2,Task B and Task
Ccannot be processed untilTask Ahas been processed. On
the other hand,Task Dcannot be processed untilTask Band
Task Chave been processed. This is because once the tasks
are processed, they can generate results that may be required
by subsequent tasks in the processing pipeline. These results
are the basis of the dependency between tasks, represented as

Figure 2 Graphical representation of a work�ow.

relationships (edges) between nodes (tasks) in work�ows (see
Figure 2).

In terms of the attributes of a task, in this communica-
tion, each task has a name (e.g.Task A), an id and asize
(bytes). Besides, each edge has a source task, a target task and a
offloadSize which represent the size (bytes) of the data that
have to be transmitted from the source task, once processed,
to the target task, i.e. from the node that processes the source
task to the node that processes the target task. Note that the
offloadSize attribute represents the of�oad size (bytes) of the
processing results of a task.

3.1.2. Task App In task scheduling scenarios, it is common
to deploy applications that provide services at the fog and cloud
layers. These applications are the ones that generate and of�oad
tasks (the services they provide are decomposed into tasks or
sets of tasks, i.e. work�ows). In this model, these applications
are included by means of the conceptTask App, which can be
deployed in the different nodes of the fog and cloud layers.

3.1.3. Task Node Traditionally, the edge and mist layers
have had a different role than the fog and cloud layers. While
the fog and cloud layers have had a role of providing computing
resources or services to the end devices of the system (mist and
edge layers), the mist and edge layers were constrained in terms
of hardware and were limited to consuming these resources and
services.

However, there are currently some end devices that do not
face the aforementioned hardware constraints (such as mobile
phones, personal computers, etc.). Therefore, their use does not
have to be limited to consuming the services and resources of the
fog and cloud layers but can help these layers in the provision of
these services and resources to the rest of the system. Besides,
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in some situations it provides a better QoS than fog and cloud
layers, since these devices are in the mist or edge layer itself and
therefore close to the rest of the end devices. So, they are able
to provide better latency, request-response time, etc. This new
paradigm is called cloud-edge computing (Pan & McElhannon
2018).

In this context, theTask Nodeis designed to include in the
task scheduling model this new paradigm of federation between
computing layers. Thus,Task Nodesare conceived as nodes
that belong to the edge and mist layers of the system but can
be federated with cloud and fog nodes, thus providing task
execution services toTask Appsand being able to process the
tasks they generate.

On the other hand, as could be edge or mist devices that
generate tasks requiring their processing, asTask Apps, Task
Nodesare also designed to generate and of�oad tasks.

3.1.4. Networking Node Task scheduling is frequently im-
plemented in environments that operate on a cloud-to-thing
continuum infrastructure. In this kind of system, nodes can be
federated, acting as a single entity rather than isolated nodes.
Federations are addressed in this model by means ofLinks , i.e.
the connections between the different nodes that belong to a
federation.

The Networking Node is the component responsible for
managing these links. This model envisages aNetworking
Nodefor each federated (linked) node. Thus, eachNetworking
Nodehandles the links whose source is the node where the
Networking Node is integrated. Moreover, links are designed
as unidirectional. Consequently, two links are needed to allow
two components to interact with each other.

On the other hand, SimulateIoT is a hybrid simulator/emu-
lator of IoT systems. So, SimulateIoT simulations have to be
deployed over a real (or virtualised) network. Thus, without
the need to simulate the latency and bandwidth of links. How-
ever, as aspects such as delay and bandwidth among nodes are
critical aspects in task scheduling systems (Jamil et al. 2022),
users could require, for testing purposes, speci�c latency and
bandwidth between nodes. Con�guring the network where sim-
ulations will be deployed could be a tedious, error-prone and
costly task. Thus, this model also envisages the possibility to
specify the delay and bandwidth of the aforementioned links,
being theNetworking Node the component which will ensure
that these networking aspects are met during simulation.

Finally, note that this model envisages fully connected feder-
ations, i.e. all nodes belonging to a federation are connected to
each other.

3.1.5. Task Processor TheTask Processor is the com-
ponent that performs the processing of tasks. So, theTask
Processor node is integrated at the deployment (of the simu-
lation) stage into those edge (Task nodes), fog and cloud nodes
that are modelled by the user to provide task processing services
to the rest of the system.

Note that to suitably simulate the processing of tasks, this
model envisages the possibility of assigning hardware resources
to each node with processing capabilities, i.e. to theTask

Processors . Thus, users can model aspects related to the
hardware of each node, such as their CPU or RAM.

3.1.6. Task Scheduler This component is the most relevant
since it is where the simulator will integrate users' task schedul-
ing proposals, as described in the following sections. Thus,
theTask Scheduler is the node that receives and schedules
(by means of the users' task scheduling proposal), the tasks
of�oaded to the system.

Since task scheduling algorithms can use several data sources
and data types as input to perform their schedules (Bansal et
al. 2022), this component is designed to provide users' propos-
als with resources to request data from several nodes of the
simulation. Note that users' proposals can interact with these
resources and therefore with the rest of the simulation by means
of a REST API (which belongs to the aforementioned provided
resources). Thus, the integration of users' proposals with the
rest of the simulation is simpli�ed.

This API allows users' proposals to perform four main re-
quests: 1) request the of�oaded tasks for their scheduling, 2)
request data such as the current delay or available bandwidth
between each node (links status), 3) request data related to the
hardware usage (CPU, RAM, etc.) of each node, and 4) request
the return of the scheduled tasks (once scheduled) to the system
for their processing.

Note that in this model, these requests are limited to the
nodes that belong to the same federation, i.e. those nodes
that belong to different federations can not interact. On the
other hand, this model envisages oneTask Scheduler per
federation. However, theTask Scheduler of each federation
can integrate a different user scheduling proposal.

Thus, by extending SimulateIoT towards this task scheduling
model, users will be able to deploy, analyse, compare, etc. their
task scheduling proposals on a simulated IoT system without
the need for investment in device acquisition, con�guration
and deployment. In Section 3.2 that follows, an overview of
the resulting simulator after extending it towards this model is
provided.

3.2. Overview of the Resulting Simulator

Figure 3, provides a representation of a generic simulation de-
ployment using the extended version of SimulateIoT. This �gure
also distinguishes between the components developed in this
work (marked in red) and those inherited from the original Sim-
ulateIoT (marked in blue). The signi�cant enhancements, those
related to the concepts belonging to the model de�ned in Sec-
tion 3, are explained below in the context of Figure 3. Note that
to facilitate referencing the concepts depicted in Figure 3 within
the text, the corresponding labels included in the �gure will be
used (e.g.1 ).

Firstly, tasks are generated and of�oaded to the system by
the Task Nodes A and theTask Apps B . The of�oading
of these tasks is represented in Figure 3 by1.1 of�oading per-
formed byTask Nodesto the fog layer;1.2 and 1.3 of�oading
performed byTask Appsdeployed on fog nodes to the fog
layer; 1.4 of�oading performed byTask Appsdeployed on
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Figure 3 A generic simulation generated by using M2T transformations from a model de�ned with the proposed simulator.

cloud nodes to the fog layer.
Note that in Figure 3 all the tasks are of�oaded to the fog

layer asFogNode 1is the node where theTask Scheduler
C is deployed.

Once tasks have been of�oaded, they are scheduled by the
Task SchedulerC and sent back to the system for their process-
ing 2.1, 2.2 and 2.3.

Then, theTask Processor of each fog, cloud andTask
Node, which is not directly represented in Figure 3, carries out
the processing of each task and returns the result to the node
that is waiting for it due to the dependency between tasks3.1,
3.2 and 3.3.

Note that during the simulation, the generation, of�oading,
scheduling, and processing of each task by each node occur
concurrently and adhere to the user-de�ned design (model).

Finally, it should be highlighted that the behaviour of each
node and the overall simulation exhibit a higher level of com-

plexity compared to what is depicted in this overview. For the
sake of clarity, there are interactions and concepts that, as in the
case of theTask Processor , are not directly depicted in Fig-
ure 3. For instance, theNetworking Node or the interactions
between theTask Scheduler and the nodes belonging to its
federationD to gather/share their status (available CPU and
RAM).

Further details are addressed in following Sections 4 and 5.

4. Extensions of Metamodel and Concrete Syn-
tax

The proposed simulator, as an MDD approach, is composed
of three main elements: 1) metamodel or abstract syntax, 2)
graphical concrete syntax and 3) model-to-text transformations.
This section describes the proposed simulator metamodel and
concrete syntax.

8 Jose A. Barriga et al.



4.1. Metamodel Extensions

A Metamodel captures the concepts and relationships in a spe-
ci�c domain in order to model partially reality (Selic 2003).
Then, it is possible to design models conforming to this Meta-
model. These models can be used to generate the total or partial
application code. Thus, the software code could be generated for
a speci�c technological platform, improving its technological
independence and decreasing error proneness.

The SimulateIoT metamodel (Barriga et al. 2021) gathers
the core concepts and relationships related to the IoT domain,
including elements such as sensors, actuators, edge nodes, fog
nodes, cloud nodes, databases, complex-event processing ser-
vices, data de�nition, topics, message brokers, etc. However,
it has not enough expressiveness to simulate IoT systems with
task scheduling capabilities and with a cloud-to-thing contin-
uum infrastructure. Therefore, the metamodel of the proposed
simulator is an extension of the SimulateIoT metamodel with
enough expressiveness to de�ne these kinds of IoT systems
(entities and services described in Section 3.1).

Figure 4 shows an excerpt of the proposed simulator meta-
model. Note that the new classes and relationships included are
numbered and highlighted in blue colour. Besides, note that Fig-
ure 11 (Appendix A) shows the complete metamodel, with the
elements relating to the extension carried out also highlighted
in blue.

This section does not aim to describe how these components
work internally, which is addressed in Section 5, where M2T
transformations are addressed. Finally, note that in this section,
to better describe the elements of the metamodel, the numerical
labels shown in Figure 4 are used below as references in the text.
These references are used by means of the expression[class
name] x , where x is the label associated with the[class] in
Figure 4.

In order to extend the SimulateIoT metamodel towards task
scheduling and the cloud-to-thing continuum, �rst of all, the
task generation related components, i.e. the Task Node and the
Task App, have been included in the metamodel by means of the
classesTaskNode 3 andTaskApp 2 respectively. The work-
�ow concept has also been added by means of theWorkflow
class 1 and related to the two previously mentioned classes
with the aim of allowing the user to model which work�ow
will be generated by each modelled Task Node and Task App
during the simulation. Note that each work�ow will be gen-
erated every period of time, which can be speci�ed by the
generation_period (seconds) attribute.

To allow the user to model the different work�ows that will
be generated, in addition to theWorkflow class, theTask 1.1

andEdge 1.2 classes have also been included. Thus, theTask
class represents a work�ow node and theEdgeclass represents
the dependency between these tasks. Note that in these classes
the user can also model the size of each task (size attribute) and
the size of the processing results of each task (offload_size
attribute).

On the other hand, the metamodel is extended from the
Hardware_specification 5 class to allow the user to model
in a more detailed manner the hardware resources of each mod-
elled node. To this end, this class is related to theCPU5.1 and

RAM5.2 classes, also included as part of this extension to allow
the user to model these hardware aspects for each node.

Finally, the metamodel is extended with theFederation
4 class, which allows the user to federate the different
nodes of the modelled system. To this end, federations are
composed ofLinks 4.1, a class that allows modelling the
characteristics of the different links between the federated
nodes. Particularly, the classesDelay_specification 4.2

andBandwidth_specification 4.3 allow the user to model
these characteristics for each link.

Extending the metamodel of SimulateIoT with these classes
and relationships, the concepts related to the task scheduling
model de�ned in 3.1 are gathered by the metamodel. Therefore,
the required expressiveness to model IoT systems with task
scheduling capabilities is achieved.

4.2. Graphical Concrete Syntax and Validator Extensions

Model-driven development allows designing models conform-
ing to a metamodel by means of concrete syntax. Concrete
syntax refers to the speci�c notation used to depict instances of
a model. The concrete syntax can visually or textually represent
the abstract notions and relationships that are de�ned within the
metamodel. It could be de�ned as graphical concrete syntax
(e.g. using GMF, Eugenia or Sirius) or textual concrete syntax
(e.g. using xText). In our approach the Eugenia tool (Kolovos et
al. 2015) is used and it makes it possible to generate a graphical
concrete syntax conforming to a metamodel.

A graphical syntax is often more intuitive and easier to com-
prehend at a glance, especially when dealing with complex
systems. It provides a high-level overview of a system, which
facilitates an understanding of the structure and relationships
within the system. However, graphical syntax can become more
dif�cult to manage in terms of automated processing.

In contrast, the textual syntax can be seamlessly processed
and integrated with other systems. However, a textual syntax
can be more dif�cult to understand and navigate, especially for
individuals who are not familiar with the speci�c language or
notation. It may require more time to interpret and does not
provide a visual overview of the system.

Although, both concrete syntax could be developed to de�ne
models conform to the metamodel proposed.However, in view
of the above, given the complexity of the concepts to be repre-
sented, the models to be designed (IoT systems) and the nature
of the resulting tool (a simulator), it has been considered that a
graphical syntax is more appropriate than a textual one. In addi-
tion, the graphical concrete syntax generated for the proposed
simulator metamodel is an extension of the graphical concrete
syntax de�ned in SimulateIoT, which is based on Eclipse GMF
(Graphical Modeling Framework) and EMF (Eclipse Modeling
Tools). Figure 5 shows an excerpt from this graphical editor.

It helps users to improve their productivity allowing not only
de�ning models conforming to the proposed simulator meta-
model but also their validation. In this respect, metamodels can
be extended with constraints based on the Object Constraint
Language (OCL) (OMG 2012). OCL is a declarative language
developed by the Object Management Group (OMG) for describ-
ing rules applicable to the models designed by users conforming

SimulateIoT Towards the Cloud-to-Thing Continuum Paradigm for Task Scheduling Assessments 9




