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Abstract

Autonomous robots operating in everyday environments, such as hospitals, pri-
vate houses, and public roads, are context-aware self-adaptive systems, i.e. they
exploit knowledge about their resources and the environment to trigger runtime
adaptation, so that they exhibit a behavior adequate to the current context.
For these systems, context-aware self-adaptation requires to design the robot
control application as a dynamically reconfigurable software architecture and
to specify the adaptation logic for reconfiguring its variable aspects (e.g. the
modules that implement various obstacle detection algorithms or control differ-
ent distance sensors) according to specific criteria (e.g. enhancing robustness
against variable illumination conditions). Despite self-adaptation is an intrin-
sic capability of autonomous robots, ad-hoc approaches are used in practice to
design reconfigurable robot architectures. In order to enhance system maintain-
ability, the control logic and the adaptation logic should be loosely coupled. For
this purpose, the adaptation logic should be defined against an explicit repre-
sentation of software variability in the robot control architecture. In this paper
we propose a modeling approach, which consists in explicitly representing robot
software variability with the MARTE::ARM- Variability metamodel, which has
been designed as an extension of the UML MARTE profile. We evaluate the
applicability of the proposed approach by exemplifying the software architecture
design of a robot navigation framework and by analyzing the support provided
by the ROS infrastructure for runtime reconfiguration of its variable aspects.
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1. Introduction

Autonomous robots are versatile machines that act deliberately in order
to fulfill their missions [1] in everyday environments, such as hospitals, private
houses, and public roads. They are situated agents and robot situatedness refers
to existing in a complex, dynamic, and unstructured environment that strongly
affects the robot behaviour. Situatedness implies that the robot is aware of
its own internal state (e.g. resource availability) as well as of its temporal and
spatial interactions with the environment thanks to its sensors and actuators.
Sensing, actuating, and control capabilities may be subject to hardware failures,
computational overload, and changes in the environmental conditions. For this
reason, autonomous robots exploit knowledge about their resources and the
environment, which all together constitute the system’s context [2], to trigger
runtime adaptation so that they exhibit a behavior adequate to the current
context.

Robot capabilities are typically implemented as concurrent activities, which
execute feedback control loops with real-time constraints and continuously adapt
the behaviour of the robot so that it can maintain a safe, robust and efficient
interaction with the surrounding environments. Concurrent activities are typi-
cally implemented either as loosely-coupled executable components that interact
through a middleware infrastructure, or as tightly-coupled cooperating threads
that share the resources of an executable component [3].

For these systems, context-aware self-adaptation consists of being able to dy-
namically reconfigure the software architecture [4], 5] by activating/deactivating
components, changing their connections, and replacing functionality in order to
exploit at best the robot resources in every operational condition.

For example, a mobile robot for logistics at hospitals can navigate au-
tonomously for transporting blood samples, medicine, bed covers, and food.
The robot should be able to complete a navigation task even if the ambient

illumination becomes suddenly scarce. In this case, the camera cannot detect
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obstacles and the robot activates a laser scanner in its place. Switching between
two sensors requires the activation/deactivatation of the software components
that interface with them and the replacement of the obstacle detection algo-
rithm.

Dynamic reconfiguration of component-based systems is an emerging topic
in robotics and ad-hoc approaches are mostly used in practice [6] [7] [8]. Typi-
cally, the design of the robot control system encodes the adaptation logic in the
behavior of individual components, which imposes co-evolution constraints on
different levels of abstraction and across components [9].

In order to enhance system maintainability, the control logic and the adap-
tation logic should be loosely coupled.

This means that revising the adaptation logic (e.g. which sensor data to
use in different environmental conditions) does not require a change to the
control logic, i.e. how robot functionality are implemented. Similarly, revising
the control logic (e.g. how the navigation task is decomposed in a sequence
of control activities) does not affect the implementation of the reconfiguration
mechanisms, i.e. how to switch between alternative implementations of the same
functionality.

For this purpose, self-adaptive systems are conveniently structured as a two-
layer feedback-control loop [10], where the Managed Subsystem comprises the
control logic that provides the system functionality (e.g. robot navigation) and
the Managing Subsystem comprises the adaptation logic that deals with one
or more concerns (e.g. improving robot robustness, optimizing resource usage,
etc.). This clear separation between the two layers requires a threefold approach.

The software architecture of the Managed Subsystem (i.e. the component-
based system that implements the robot capability) should explicitly model
software variability in terms of variant features [I1I]. For example, a variant
feature is the module that implement the localization algorithm and that can
be replaced with compatible modules implementing different algorithms.

The Managed Subsystem should be developed on top of a runtime infras-

tructure (e.g ROS [12], SmartSoft [13], Orocos [14], Yarp [15]) that supports
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various reconfiguration mechanisms (e.g. dynamic libraries and plugins) [16] for
the implementation of variant features.

The reconfiguration logic of the Managing Subsystem should be specified
against an abstract interface of the Managed Subsystem [17], i.e. its variant
architectural features.

The aim of this paper is to present a variability Meta-Model that abstracts
the reconfiguration mechanisms supported by robotics middlewares. It allows to
annotate the software architecture of the managed subsystem with the appropri-
ate reconfiguration mechanism for each variant feature. In this way, it represents
the interface between the Managing Subsystem and the Managed Subsystem.

The proposed meta-model, called MARTE Autonomous Robot Modeling -
Variability (MARTE::ARM-Variability), has been defined as an extension of the
Unified Modeling Language (UML) [18] profile for the Modeling and Analysis of
Real Time Embedded Systems (MARTE) [19], which adds capability to UML for
specification and analysis of non functional requirements in real time embedded
systems, such as performance, schedulability, reliability, safety, etc.

In a previous paper [16] we have analyzed the software reconfiguration mech-
anisms supported by ROS and we have exemplified their exploitation for the
design of a reconfigurable robot navigation system. In this paper, we show how
the architecture of the navigation system should be annotated with the proposed
MARTE::ARM-Variability metamodel.

The remainder of this paper is organized as follows. Subsection presents
the research questions and the methodology followed in this study to answer
them. Section [I.2] motivates the adoption of the Unified Modeling Language
(UML) [18] for the proposed approach and provides background information
on its extension mechanisms with a running example of UML MARTE anno-
tations. Section 2] discusses related work on architectural models for runtime
adaptation. Section [3] analyses the architectural requirements for modeling the
variability in self-adaptive robot control systems and the reconfiguration mech-
anisms supported by popular robotics middlewares. Section [ illustrates the

proposed MARTE::ARM-Variability profile. Section [5] presents a case study of
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a robot navigation framework to evaluate the proposed approach and illustrates
the threats to its validity. Finally, Section [] presents some concluding remarks

and directions for future work.

1.1. Methodology

To address the earlier defined issues on the proper separation of Managing
and Managed Subsystems in self-adapting robotic systems, the objective of this
study was to design a variability Meta-Model for annotating the variant features
of a robot software architecture according to the reconfiguration mechanisms
supported by robotics middlewares.

According to the ACM SIGSOFT Empirical Standards [20] we follow a
methodology (Engineering Research) that consists in proposing and evaluat-
ing a technological artifact (the variability Meta-Model). As later described in
Section [5} the evaluation consists in designing an Ezploratory Case Study in
Robot Navigation and using a state of the practice standard framework, i.e.
ROS, as Benchmark of the proposed Meta-Model.

To fulfill the stated objective, the following research questions were defined.

e RQ1: What is the granularity of the variant features in typical robot

software architectures?

¢ RQ2: What are the commonalities and differences in the reconfiguration

mechanisms supported by robotics middlewares?

In order to answer research question RQ1, we have analyzed some well known
robot control architectures (i.e. 3T Architecture [2I], ClaraTy [22] and LAAS
Architecture [23]). The result of this analysis is documented in Section

In order to answer research question RQ2, we have analyzed some of the
most popular robotic middlewares (i.e. Orocos [14], Yarp [15], and SmartSoft
[13]) following the classification schema for component-based robotic frameworks
introduced in [24]. The result of this analysis is documented in Section

The answers to the two research questions have allowed us to design the

variability Meta-Model documented in Section [} where architectural features
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are modeled at various granularity levels (i.e. component, activity, functionality,
property, connectors) and are associated to various reconfiguration mechanisms
(e.g. YARP plugins, SmartSoft communication patterns, Orocos Services, ...).

The proposed approach has been validated with a case study, where the ar-
chitectural features of a robot navigation system are modeled with the proposed
variability Meta-Model (see Section and their implementation is exempli-
fied with a robotic middleware (i.e. ROS) that has not been considered for
answering research question RQ2 (see Section .

1.2. Background

Modeling languages are classified in two broad categories: general-purpose
(e.g. UML [18], AADL [25]) and domain-specific (e.g. Matlab Simulink [26] for
control systems).

The strength of UML is its extension mechanism called Profile that allows
adaptation and customization of the general-purpose UML notation by adding
ad-hoc semantic and constraints and introducing terminology that are specific
to a particular domain, platform, or method. A profile is a collection of domain-
specific tags, called stereotypes, that can be applied to the graphical elements of
a UML diagram. Tags are used to annotate a software model with information
that are relevant in a particular domain. In particular, OMG has developed the
Modeling and Analysis of Real-Time Embedded Systems (MARTE) [19] profile,
which focuses on performance and schedulability analysis.

The UML extension mechanism allows the seamless collaboration of experts
with different background. The software engineer uses the standard UML nota-
tion for modeling the high level software architecture and the design of individual
modules. The domain expert (e.g. the control engineer) uses specific profiles for
modeling different concerns of a complex software system, such as its dynamic
behavior. For this purpose, UML profiles have a formal semantic [27], which
allows the automatic conversion of UML models into domain-specific models,
such as Matlab Simulink [28] or Petri Nets [29]. A robotic example of using
MARTE for schedulability and performance analysis can be found in [30].
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Figure 1: An example of architecture annotation with UML MARTE stereotypes.

In order to exemplify the concept of model annotation, Figure [1| shows a
simplified UML model of the hardware computational resources and software
components of a robot navigation system.

The HLAM (High-Level Application Modeling) sub-profile defines a set of
stereotypes for real-time features. For example, the «rtUnit» stereotype is used
to annotate two software components (i.e. Navigator and CameraServer), which
perform concurrent activities. The annotations inside the dashed boxes specify
that the former activity is aperiodic (relative deadline equal to 10 milliseconds)
and the latter activity is periodic (period equal to 15 milliseconds). HLAM
defines other stereotypes, such as «rtBehavior», which specifies properties of
the behaviors owned by an RtUnit.

The SRM (Software Resource Modeling) sub-profile is used in Figure [1f to
specify the priority of concurrent tasks (i.e. CameraTask and ObstacleTask)
with the «schedulableResourcey stereotype.

The SAM (Schedulability Analysis Modeling) sub-profile defines the stereo-
types to annotate the elements of the platform model (e.g. a CPU or other

device). In particular, in Figure [1| the «SaExecHost» stereotype specifies the
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ISRswitchTime which represents the worst context switching time.

Another sub-profile relevant for the approach presented in this paper is the
MARTE GeneralComponentModel (GCM), which provides a common denomi-
nator among various component models. It defines the «AssemblyConnector»

stereotype for representing a specific interaction between communication ports.

2. Related work

A recent mapping study on variability modeling in software architectures [31]
has analyzed a variety of approaches covering the period from 90’s to nowadays.
Most of them are based on the semi-formal UML, and some approaches present
UML profiles for modeling architectural variability with generic stereotypes,
such as «listValueVarianty, «typeValueVarianty, and «derived Value Variant» in
[32] and «warianty in KobrA [33]. As indicated in [31], one of the main limita-
tions of these approaches is the lack of a proper support to bind variants into
variation points at runtime.

A novel aspect of the approach presented in this paper is that it defines
specific stereotypes for modeling variability in architectural elements of con-
current and distributed component-based systems and these stereotypes can be
associated to the reconfiguration mechanisms of the most popular robotics mid-
dlewares. Another novel aspects of the proposed approach is that it is based on
the UML MARTE profile, which formally describes the real-time and embed-
ded features of a system. A significant benefit of this choice is the possibility
to exploit and customize available modeling tools that support UML MARTE,
such as MODELIO [34] and Eclipse Papyrus [35].

Architectural models for runtime adaptation have been studied extensively
in the context of dynamic architectures (see the survey [36]) and a variety of
Architecture Description Languages (ADLs) have been defined for modeling self
adaptive systems (e.g. [37]), in particular for Component&Connector systems
(see the survey [9]). Typically, these ADLs support architecture reconfiguration

in terms of the addition and removal of components and in terms of the addition
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and removal of connectors. They differ in their support for modeling e.g. the
events that trigger the reconfiguration (i.e. the external environment that inter-
acts with the application, or one of its internal functionality), the reconfiguration
mechanisms (imperative vs. declarative), and the reconfiguration possibilities
(a closed set of configurations defined at design time, or an extensible set of new
configurations added after deployment). In Fractal [38], components can expose
elements of their internal structure for introspection and may contain various
controllers to add and remove subcomponents as well as connectors, and to con-
figure component properties. Different than the MARTE::ARM meta-model,
Fractal is targeted at Java-based system development and does not explicitly
model concurrent activities.

The self-adaptive community has extensively used the MAPE-K loop [39]
as the central mechanism to analyze, plan and trigger the adaptations required
by a system. In particular, in [40] the authors e show how MAPE-K loops for
self-adaptation can be naturally specified in an abstract stateful language like
Abstract State Machines. In the context of dynamic software product lines (e.g.
[41] and [42]), architectural and component models have been defined to sup-
port runtime variability management. For example, the MADAM component
model and middleware [43] for mobile computing uses component frameworks to
describe a composition of component types. Variability is achieved by plugging
in different component implementations whose externally observable behavior
conforms to the type. Each component plugged into a component framework
may be an atomic component, or a composite component built as a component
framework itself. Different from MADAM, MARTE::ARM allows to model
components as White-box Object Oriented Frameworks [44], which rely heav-
ily on OO language features like inheritance and dynamic binding to achieve
extensibility and reconfigurability.

The authors of [45] use a robotic navigation scenario to validate an algorithm
for modifying the variability model of dynamic software product lines at runtime
and check the feature constraints on the fly. The functional variability of the

robot control system is represented by a Feature Model [46], a hierarchical dia-
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gram that visually illustrates the features (e.g. different algorithms for obstacle
avoidance) of a software application. This approach is complementary to the
approach presented in this paper. As described in Section[d] MARTE::ARM is
used to model the architectural variation points of a robot control system, while
Feature Models are used to symbolically represent their admissible functional
variants.

During recent years, several approaches have been proposed that exploit
Model-Driven Engineering (MDE) MDE technologies for the development of
autonomous robotic systems [47]. They support architecture design by au-
tomating some complex and error-prone tasks, such as editing diagrams, reverse-
engineering legacy systems and, more importantly, validating assumptions made
by system engineers and control engineers about system properties such as
schedulability, performance, responsiveness, and fail-safe behavior. Most of
these approaches are based on robotic-specific languages (see [48] for a survey).

The approach presented in [49] and [50] specifically focuses on runtime vari-
ability management in robot control systems. For this purpose it proposes to
use two different Domain Specific Languages: the Task Coordination Language
(SmartTCL) for modeling variability in service operation as hierarchical task
decompositions, and the Variability Modeling Language (VML) [51] for model-
ing variability in quality of service. By modeling the two concerns separately,
the approach enables variability management by two orthogonal mechanisms:
(i) sequencing the robot’s actions to handle variability in operation, and (ii)
optimizing the non-functional properties for variability in quality.

A similar approach is presented in [52], where the variability in service oper-
ation is modeled as extended Behavior Trees (BT) [53], where variant sub-trees
are explicitly represented and selected at runtime according to context informa-
tion and non functional requirements.

Different from the MARTE::ARM profile proposed in this paper, Smart TCL,
VML, and the extended BTs do not model the variability of the robot software
architecture. As described in Section [1.2] we believe that the UML profile

extension mechanism is particularly beneficial for coherently modeling different
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concerns (e.g. architecture, dynamic behavior, non functional properties) in a
multidisciplinary domain such as robotics.

The RobMosys EU project [54] has developed a meta-model and toolchain
for component-based robotics software development based on the concept of
composable software models. In particular, MROS (Metacontrol for ROS2 sys-
tems) [59] is derived from the RobMosys and uses a combination of domain
specific languages to model functional variability in ROS-based robotic applica-
tions. Different from MROS, the MARTE::ARM meta-model allows to model
architectural variability at different granularity levels, from coarse-grained com-

ponents to fine-grained functionalities.

3. Requirements and technologies for self-adaptive robotic systems

In this section we first analyze the granularity of software building blocks
typically found in robot control architectures and the requirements for their
runtime reconfiguration, and then the mechanisms provided by popular robotics
middlewares for implementing and reconfiguring those building blocks.

This analysis is at the basis of the definition of the MARTE::ARM- Variability
profile, which allows to annotate the architectural model of a robotic system
with stereotypes that correspond to the various types of architectural variability
and that can be mapped to specific reconfiguration mechanisms in robotics

middlewares.

3.1. Component granularity in robot software architectures

A robot control architecture is typically organized as a hierarchy of con-
trol layers. Higher layers include components that request services from the
components of the lower layers and that receive feedback data and events from
them.

Well known examples of hierarchical control architectures, such as the 3T
Architecture [2I], ClaraTy [22], and the LAAS Architecture [23], distinguish

three main layers. The (lower) functional layer includes all of the basic built-in
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robot action and perception capabilities. These processing functions and con-
trol loops (e.g., image processing, obstacle avoidance, motion control, etc.) are
encapsulated into software components providing services, which can be acti-
vated by the decisional level. The functional layer is made of a network of
communicating components. For example in the LAAS architecture communi-
cate asynchronously through a non-blocking client-server protocol. The (upper)
decisional layer includes the capability of producing the task plan for a robot
mission. The (intermediate) execution control layer controls the execution of the
functional services according to the task plan and enforces safety constraints.
Our study focuses on the functional and execution control layers, which include
two types of variant components.

Components that interface with sensors and actuators implement stateless
functionalities. Actuator components receive desired velocities or positions, im-
plement various stacks of nested control loops that regulate the wheel motors
of a rover or the joints of a manipulator arm, and write motion commands on
a communication port, such as USB, CANBUS, or Ethercat. Similarly, sensor
components read data on a communication port periodically, perform some basic
computation, such as data filtering and type conversion, and make data avail-
able to other components through a provided interface. This type of component
may implement a simple state machine that distinguishes between an initial
setup and calibration phase and an operational phase. Runtime reconfiguration
consists of adapting the value of some attributes, such as the sensor scan rate
or the parameters of the motor control stack or in activating or deactivating the
component.

Components that provide robotic capabilities typically implement stateful
functionalities. For example, the navigator component of the ClaraTy frame-
work aggregates an action_ selector module and a locomotor module. Two inter-
changeable variants of the action_ selector use either a grid-based representation
of the world or a vectgor-based one [22]. A stateful component should not be
terminated and restarted at runtime unless the current state can be stored and

restored and even migrated to a different component. For this reason, it is con-
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venient to manage the variability of a stateful component within the component
itself. Replacing the implementation of a stateful functionality does not require
to deactivate and replace the entire component, but to reconfigure its internal
structure.

Architectural reconfiguration of robot control systems occurs at different
levels of granularity. Let’s consider the situation where ambient illumination
becomes suddenly scarce and prevents the use of RGB cameras to detect ob-
stacles. In this case, the robot swaps between the RGB camera and another
distance sensor, such as a laser range finder or an infrared depth camera. In
this scenario, reconfiguration consists of (1) activating and deactivating the exe-
cutable components that interface to the robot devices and periodically acquire
sensory data; (2) redirecting the data flow and control flow between components
(e.g. camera images require additional intermediate processing, such as noise
reduction); (3) replacing the algorithm that processes the measures (e.g. for up-
dating the obstacle map); and (4) adapting the value of some global parameters,
such as the robot’s maximum speed, in order to take into account differences in
sensors performance.

Typically, these four types of architectural reconfiguration are interdepen-
dent. Replacing the software module that implements a functionality affects
the control system response time, since different algorithms might have differ-
ent computational times. As discussed in [I1], the control system response time
affects the robot’s stopping distance and thus the robot maximum speed needs

to be adapted accordingly.

3.2. Runtime Reconfiguration in Robotics Middlewares

Typically, robotics middlewares (i.e. Orocos [14], Yarp [15], and SmartSoft
[13]) support runtime reconfiguration of software control architectures at var-
ious levels of granularity, as discussed in the previous section. In this section
we identify their commonalities and differences. We illustrate them following
the classification schema for component-based robotic frameworks introduced

in [24], which distinguishes the following four design concerns (the four C) for
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software components as defined in [56].

Computation is concerned with the execution of concurrent activities,
which are encapsulated in software components at different levels of granu-
larity [24]: Sequential Components encapsulate data structures and operations
that implement specific processing algorithms. Service Components represent
sequential execution threads of control. Container Components provide the
runtime environment for sequential and service components. A Component As-
sembly encapsulate the other types of components in executable units.

Communication deals with the exchange of data [56] and in robot control
systems can be imperative, as in the case of a command issued by one component
to another, or reactive, as in the case of event notification [24].

Configuration is concerned with the runtime infrastructure that supports
the dynamic reconfiguration of components at various levels of granularity.

Coordination deals with the state of the computation of the entire system
at any moment in time in terms of the current internal state of each component

and state transitions [57].

3.2.1. YARP

The YARP middleware [15] is a multiplatform and multiprotocol commu-
nication framework for robotic research. Available protocols in YARP are tcp,
udp, multicast, shared memory, and video compression.

A YARP application consists of a set of component assemblies that are exe-
cutable c++ programs. YARP provides several container components, such as
the PolyDriver class for dynamically loading plugins, and the ResourceFinder
class for parsing the configuration files and initializing component parameters.
Concurrent activities are implemented as service components that specialize the
RFModule class and override two abstract methods: configure() is executed at
startup for loading command line parameters and initializing the communica-
tion ports; updateModule() periodically executes the control algorithm. The
RFModule class also provides methods for dynamically start, interrupt, and

terminate the execution of the periodic activity. YARP supports the defini-

14



380

390

400

tion of sequential components as plugins that implement a variety of software
interfaces to hardware devices.

YARP RFModules exchange data through communication ports that sup-
port both synchronous and asynchronous communication. Connections between
ports are established dynamically at runtime by specifying the names of the
ports, which are resolved by a central nameserver.

In YARP the coordination of concurrent activities and the runtime reconfig-
uration policies are specified as Behavior Trees (BTs) [58]. A BT organizes tasks
in a hierarchical tree structure. The leaf nodes of a BT are either Conditions
nodes or Actions nodes. A BT engine continually evaluates the status of its
nodes to find the actions to be executed or aborted.

YARP provides tools for managing the system configuration. Components
are started using the yarprun service, which keeps a list of components it has
spawned. The same service can be used to monitor and send termination signals

to individual components.

3.2.2. Smartsoft

SmartSoft [13] is a service-oriented component-based framework that is char-
acterized by a library of pre-defined communication and deployment patterns
for components interconnection.

Similar to YARP, a SmartSoft assembly component is an executable c++
program that encapsulates concurrent activities and communication ports. Smart-
Soft container component is represented by the SmartACE::SmartComponent
class, which needs to be instantiated in the main() function of each executable
program and made accessible to concurrent activities and communication ports.
SmartSoft does not clearly distinguish between service components and sequen-
tial components. Concurrent activities are implemented by extending the Smar-
tACE::ManagedTask class and overriding the on_execute() function, which is
executed periodically.

SmartSoft defines several component interfaces, called communication pat-

terns, with strictly defined interaction semantic. These include publisher/sub-
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scriber (push newest, push timed) and client/server (send, query, event).

The SmartSoft framework provides the SmartTCL language for the coordi-
nation of robotic tasks. With SmartTCL, tasks are defined hierarchically where
high-level tasks are refined into lower level tasks, which can be recursively re-
fined until a sufficient level of detail is reached such that the task can be mapped
directly to service components. The Sequencer Component is the central coor-
dination and configuration entity, which orchestrates the system by executing
the robotic behavior models defined with SmartTCL.

SmartSoft concurrent activities have predefined states and might have a
set. of parameters. The default states are Neutral, Alive, and Fatal, used to
pause, resume, and interrupt the activity. Additional user-defined states can be
added. The Sequencer Component can change the state of a component activ-
ity at runtime using the SmartSoft’s State deployment pattern and can directly
set its parameters value using the SmartSoft’s Parameter deployment pattern.
Ports interconnection can be establish at startup time using the SmartMDSD
toolchain or at runtime using the SmartSoft’s Dynamic Wiring deployment pat-

tern.

3.2.3. OROCOS

OROCOS [14] is one of the oldest open source framework in robotics, under
development since 2001. The focus of OROCOS is to provide a hard real-time
capable component framework, the so-called Real-Time Toolkit (RTT).

OROCOS does not distinguish between component assemblies and container
components. Indeed, an application consists of a deployer console tool (the
OCL::DeploymentComponent), which is responsible for instantiating, connect-
ing, and executing service components. The user can enter commands to ex-
plore, debug, and interact with them at runtime.

OROCOS does not clearly distinguish between service components and se-

quential components, which are implemented as subclasses of the RTT::TaskContext

class by overloading five standard functions that are called when TaskContext’s

state changes: configureHook(), startHook(), updateHook(), stopHook(), and
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cleanupHook(). Their implementation can vary from mere C/C++ functions

over real-time program scripts to hierarchical state machines. The RTT::TaskContext

class encapsulates a RTT:ExecutionEngine object, which is executed in a single
thread. It guarantees thread-safe time determinism, processes incoming mes-
sages, and (a)periodically calls the updateHook() function.

Several instances of the RTT:: TaskContext class can be deployed within
an OCL::DeploymentComponent. As they share the same address space, they
can communicate according to the caller/provider paradigm using pointers to
other RTT::TaskContext objects for accessing public properties and operations.
For data-flow communication the OCL::DeploymentComponent establish con-
nections between ports of RTT::TaskContext objects as specified in a pro-
gram script or XML file. A distributed application may consists in several
OCL::DeploymentComponent running on networked machines. In this case,
remote RTT:: TaskContext objects communicate through the CORBA middle-
ware.

OROCOS provides the restricted Finite State Machine (rFSM) language
[59] to model coordination of robotic tasks. It has been designed as a minimal
subset of UML 2 and Harel statecharts consisting of only three model elements:
states, transitions and connectors. An rFSM execution engine can be embedded
in RTT::TaskContext objects to implement the Coordinator component, which
receives events from and sends commands to other RTT::TaskContext objects.

The rFSM language is used in OROCOS control applications to model also
the configuration logic according to the Coordinator-Configurator pattern pre-
sented in [60], where the Coordinator remains in charge of commanding and re-
acting but a distinct Configurator component performs actions such as starting
or stopping components, creating or destroying connections, invoking compo-

nent services, or configuration of parameters.
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4. A Metamodel for Architectural Variability

In this section we propose a meta-model for autonomous robots that has been
defined as an extension of the UML MARTE Generic Component Model profile
[I9]. The proposed profile, called MARTE::ARM-Variability (ARM stands for
Autonomous Robot Modeling), is intended for annotating UML design models
of robot software architectures with information about their variation points.
In a previous paper [61] we have presented the MARTE::ARM-Safety subprofile
for modeling robotic non-functional requirements, such as navigation safety.

A Variation Point is defined in [62] as a particular place in a software system
where choices are made as to which variant feature to use. A Variant Feature
is an abstraction for a set of related features (optional or mandatory) [63]. As
there are several definitions of the term Feature, in the context of this paper
we found particularly relevant the definition given in [64]: a feature represents
a logical unit of behavior that is specified by a set of functional and quality
requirements.

For example, the localization functionality is a Variant Feature of a mobile
robot, and the Adaptive Montecarlo Localization (AMCL) algorithm is a pos-
sible Feature. The AMCL algorithm is implemented as a dynamic link library
that is loaded at runtime by a Localization module, which represents a Variation
Point in the robot control architecture.

Features can be implemented in a multitude of ways, using a range of dif-
ferent software entities, such as components, sets of classes, single classes or
lines of code. Bosch and his colleagues have analyzed and classified a vari-
ety of runtime variability realization techniques systematically in [65] [62]. The
systematic literature review in [60] classifies variability in different dimensions
including artifacts like Architectures and Components.

The proposed MARTE::ARM profile defines a set of stereotypes, which rep-
resent different types of Variant Feature typically found in a robot software
architecture. They map the four levels of component granularity in architec-

tural reconfiguration identified in Section [3.I]to the reconfiguration mechanisms
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Figure 2: The MARTE::ARM-Variability profile for modeling variability.

of robotics middlewares analyzed in Section
Figure [2] depicts the MARTE::ARM-Variability profile. The main entity is
the MARTE::ARM:: VariantComponent, which extends the stereotype MARTE::

GCM::Component to support system design according to the Component& Connector

architectural style. A component can implement a variant feature, since it can
be created or destroyed at runtime. It extends the MARTE::HLAM:: RtUnit
stereotype to represent an executable program that performs computation for
providing a robot capability. A VariantComponent feature can be implemented
as a component assembly in YARP and SmartSoft and as a DeploymentCom-
ponent in OROCOS.

Components may encapsulate multiple concurrent activities represented by

the MARTE::ARM:: VariantActivity stereotype, which extends the MARTE::HLAM::

RtBehavior stereotype. Activities capture the dynamic of the component and
are schedulable resources, triggered at runtime by the receipt of messages on
a dedicated message queue or by timing events. Activities can be started and
stopped at runtime and access shared data structures encapsulated in the Vari-
antComponent and annotated with the MARTE::HLAM:: PpUnit. A Vari-
antActivity feature can be implemented as a RFModule object in YARP.
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Each activity encapsulates a functionality that takes a set of inputs, up-
dates its state, and generates a set of outputs. A functionality is represented
by the MARTE::ARM:: VariantFunctionality stereotype and might be provided
by a variety of interchangeable algorithms, which differ for some non functional
properties, such as performance, completeness, robustness, etc. A VariantFunc-
tionality feature can be implemented as a plugin in YARP. Since SmartSoft and
OROCOS do not clearly distinguish between service and sequential components
(see Section , Smart ACE::ManagedTask objects and RTT::TaskContext ob-
jects implement variant features that are annotated with both the VariantAc-
tivity and the VariantFunctionality stereotypes.

Components and activities encapsulate attributes, whose value can be mod-
ified at runtime. For this purpose, the MARTE::ARM:: VariantProperty stereo-
type extends MARTE::CoreElements:: Foundations::Property. An OROCOS
TaskContext may have any number of attributes of any type and they are ac-
cessible by external tasks through their interface. Similarly, SmartSoft allows
to define parameters that can be used to configure a component at deploymnet
and at run-time.

Components can be interconnected to each other to form systems by means
of connectors, which allow components to exchange data and events according to
various communication paradigms (e.g. publisher/subscriber and caller /provider).
Connectors can be created, destroyed, and replaced at runtime. For this rea-
son, they are modeled by the MARTE::ARM:: VariantConnector stereotype that
extends the MARTE::GCM::AssemblyConnector stereotype. YARP, Orocos,
and SmartSoft provide mechanisms for establishing various types of connectors
among components at runtime.

The ARM-Variability profile does not include stereotypes for annotating
explicitly the variants of a feature (e.g. the various algorithms for obstacle
avoidance or the algorithms for path planning). Indeed, we follow an orthogonal
modeling approach [67]: the ARM-Variability profile is used to annotate the
structural variability of a robot software architecture (i.e. the variation points),

while the functional variability of the robotic domain is represented in a separate
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Feature Model [46], which specifies dependencies and constraints among the
features (e.g. the AMCL algorithms requires a laser range finder sensor). We
have followed a similar approach for the development of the HyperFlex toolchain
[68], which allows to connect the features of a Feature Model to the variation
points of an architectural model. A runtime variability algorithm is presented
in [45] that checks the constraints between features at runtime.

The MARTE::ARM profile has been defined starting from robotic-specific
requirements but it does not capture any robotic-specific knowledge. This de-
sign choice favors its adoption in conjunction with different robotics frameworks,
middlewares and development tools currently available. Typically, robotic do-
main knowledge is captured by the plethora of robotic domain-specific languages
(see [69] for a survey). For example, RobotML [70] allows users to design a robot
control application by interconnecting components selected from a repository of
domain specific entities, such as MappingModule, LocalizationModule, Stereo Vi-
ston. These components can be annotated with the MARTE::ARM profile and

implemented using a variety of robotic frameworks.

5. Evaluation

In Section [I] we stated that system maintainability of self-adaptive robot
control systems can be enhanced by clearly separating the reconfiguration logic
from the control logic of a robot control system. This separation requires (i)
to explicitly model software variability in the architecture of the robot control
system (the Managed Subsystem), (ii) to implement its variant features on top of
a Middleware Infrastructure that supports various reconfiguration mechanisms,
and (iii) to specify the reconfiguration logic of the reconfiguration manager (the
Managing Subsystem) against an abstract interface of the Managed Subsystem.

In this section we evaluate the applicability of the proposed approach to the
design of robot control architectures with a case study in robot navigation. We
have conducted this experiment in two main phases as follows.

In the first phase, the variability of navigation systems is captured and the
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reusable assets needed for developing specific systems are identified. For this
purpose, in subsection [5.1] we analyze some well know libraries for robot nav-
igation in order to identify commonalities in their software architectures and
configuration requirements, and in Section [5.2] we define the architecture of a
component framework that captures their recurrent variable features. This part
of the experiments demonstrates that these variable features can be adequately
annotated with the stereotypes of the MARTE::ARM-Variability profile.

In the second phase, the architectural model of the navigation component
framework works as a basis for changes performed by the runtime reconfigura-
tion middleware. Subsection shows strengths and weaknesses of the ROS
framework for the design and implementation of reconfigurable robot control
systems. This part of the experiment demonstrates that the stereotypes of the
MARTE::ARM-Variability profile, devised in Section from the analysis of
three popular robotics frameworks (i.e. Orocos [14], Yarp [15], and SmartSoft
[13]), can be associated to variant feature implemented with the reconfiguration
mechanisms provided by a different middleware, i.e. ROS.

We conclude this section with a discussion on the threats to validity of the

proposed approach.

5.1. Navigation libraries

The ROS Navigation Stack contains the software resources needed to let
a robot plan and follow a collision-free path in both known and unknown
environments using the ROS middleware [I2]. The main component is the
move_ base Node (an executable component in ROS terminology), which en-
capsulates concurrent activities for (i) updating a local and a global map of the
environment (called local costmap and global_ costmap) with sensory data, (ii)
for obstacle avoidance and motion control (the local_planner), (iii) for global
planning obstacle-free paths (the global planner), and (iv) for executing re-
covery behaviors. The local planner can be configured with the Trajectory
Rollout or Dynamic Window approaches to local robot navigation. Similarly,

the global planner can be configured with several path planning algorithms,
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such as A*, Dijkstra’s, and Navigtion Function.

The RobMosys Flexible Navigation Stack is based on the SmartSoft [13]
component-based framework. The obstacle avoidance and trajectory follow-
ing functionality are implemented as a single activity of the ObstacleAvoidance
component, which uses the Curvature Distance Lookup (CDL) algorithm to
compute a collision-free path to a local goal. Similar to the ROS local_ costmap,
the Mapper component implements the obstacle detection activity and the ob-
stacle map data structure. The stack provides distinct executable components
implementing the interface to the mobile platform, the map-based localization
functionality, and the global planning functionality using a grid map of the
environment,.

The Claraty Framework [22] has been developed at NASA JPL in collabora-
tion with other research institutions for controlling the large variety of mobile
robots for Mars exploration. The framework includes the Navigator component,
which receives the desired path as a sequence of waypoints, computes the tra-
jectory to the next waypoint and keeps track of the progress of the robot as it
progresses towards it. It encapsulates distinct modules for motor control (called
Locomotor) and for obstacle avoidance (called Action Selector). A variety of im-
plementations of the Locomotor are available for rovers with different kinematics
structures. The Action Selector uses a variety of algorithms for computing the
rover trajectory, including the Traversability Analyzer, the Local Cost Function,
and the Global Cost Function. The obstacle map can be either a simple binary

occupancy grid or a more complex grid with statistical evaluation of the terrain.

5.2. A component framework for robot navigation system

Figure [3| depicts the UML model of the navigation control system, which is
part of a software product line (SPL) for mobile robotic applications [7I] that
has been initially designed in the context of the EU FP7-ICT BRICS project and
further extended (e.g. a SPL for robot perception system [72]) by refactoring
open source robotic libraries developed in a variety of research projects. The

component framework consists of four components, which are annotated with
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Figure 3: The annotated UML model of the Navigator component framework.

the MARTE::ARM:: VariantComponent stereotype (see Section .

The youBot component implements the motion controller for the youBot
rover. It receives Twist messages that specify the desired longitudinal and
rotational speed of the robot and regulates the wheel motor speed accordingly. It
reads the motor encoders to estimate the wheels speed and generates Odometry
messages that indicate the current robot speed and position with regards to the
initial pose reference frame.

The GPS component interfaces with the Global Positioning System (GPS)
sensor device and generates globalPose messages periodically that indicate the
robot global pose. The ZEDCamera component interfaces a stereo camera and
generates pointCloud messages periodically.

The Navigator component encapsulates the control activities for driving the
robot towards a desired location along a precomputed path. They are annotated
with the MARTE::ARM:: VariantActivity stereotype.

The TrajectoryFollower activity receives the odometric position (Odome-

try) of the robot from the youBot component and generates velocity com-
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mands (Twist) in order to follow the path received on the corresponding in-
put port and to avoid unexpected obstacles. It encapsulates the functional-
ity MotionController and ObstacleAvoidance, which are annotated with the
MARTE::ARM::VariantFunctionality stereotype.

Two variants of the motion control algorithm are available: the Omnidir
generates velocities for rovers with an omnidirectional kinematic, while the Dif-
ferential is for rovers with a differential drive kinematic. Two algorithms for
obstacle avoidance can be used alternatively, namely the Smooth Nearness-
Diagram (SND) [73], which is the best choice for robot navigation in narrow
environments, and the Dynamic Window Approach (DWA) [74], which is rec-
ommended for environments with wider passages and dynamic obstacles.

Unlike the ROS local _planner and the RobMoSys ObstacleAvoidance, the
TrajectoryFollower activity in Figure [3| separates the motion control function-
ality from the obstacle avoidance functionality and allows to replace them inde-
pendently. The Claraty Framework adopts a similar solution.

The ObstacleDetector activity receives sensory measures (pointCloud) from
a distance sensor and updates a local obstacle map. When an obstacle is de-
tected, it generates an ObstacleEvent message to the TrajectoryFollower , which
reacts by stopping the robot if the obstacle cannot be avoided or by adapting
the path otherwise. The Navigator component specifies the attribute mawi-
mumSpeed, which indicates the maximum rover speed and is annotated with
the MARTE::ARM:: VariantProperty stereotype.

Unlike the ROS mowve_base Node and similar to the RobMosys Flexible Nav-
igation Stack, the Navigator component of Figure [3] receives the desired path
from a separate executable component. This design solution enhances flexibil-
ity since the global planning functionality is a variant feature: the desired path
could be computed using completely different types of environment map, e.g. a
topological map, or generated on the fly when the robot follows a moving object
(e.g. a person).

Figure [d] shows a portion of the Feature Model that specifies the variability

in the navigation functionality of a mobile robot control system. It has been
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Figure 4: An example of Feature Model created with the HyperFlex graphical editor.

created with the HyperFlex graphical editor [68]. As an example, it defines a
mutual exclusion constraint between the features corresponding to the motion
control functionality, which are implemented by the OmniDir and Differential
classes in the Navigator component in Figure [B] More specific require and
exclude constraints among features can be specified with the HyperFlex editor,
such as DWA requires Omnidirectional. As described in [I1], the Feature Model
is used at deployment time for manual configuration and at runtime for dynamic

reconfiguration of the robot control system.

5.8. Implementing the variability profile in ROS

In this section we illustrate how architectural elements annotated with the
MARTE::ARM-Variability profile can be implemented using the built-in mech-
anisms of the ROS infrastructure and for each architectural element we analyze
the flexibility of the ROS mechanisms with regards to the possibility to modify
the adaptation and control logic independently.

For this purpose, we use the Navigator component framework as a case study
(see Section [5.2)).

The Robot Operating System (ROS) [12] is an open-source middleware for

robots. It provides a message-based peer-to-peer communication infrastructure,
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called roscore, supporting the integration of independently developed software
components, called ROS nodes, that are organized into a graph.

In this case study, we assume that the reconfiguration of the Navigator
component framework is managed by an external component, which is part of
the Managing Subsytemn (see Section , called ConfigurationManager.

Typically, the reconfiguration is triggered by changes in the operational con-
text and consists in replacing features for the architectural variation points.

In [11] we have presented a case study where the reconfiguration logic of a
mobile robot navigation system enforces safety requirements. A change in the
operational context (e.g. scarce illumination) leads to the hardware and software
reconfiguration of the robotic system, which reduces the system response time.
In order to enforce safety requirements, the maximum value of the robot speed
(i.e. a VariantProperty) is also reduced.

For example, the context change scarce illumination triggers a reconfigura-
tion, which consists in deactivating the variant component StereoCamera and
activating the variant component LaserScanner. Contextually, the variant con-
nector between the detection sensor and the obstacle avoidance activity is re-
configured from 2DPointCloud to 3DPointCloud and a different plugin provides
the variant functionality for obstacle avoidance. The new software configuration
determines an increase in the system response time due to the higher compu-
tational cost of the obstacle detection functionality. In order to enforce the
navigation safety requirement, as documented in [61], the value of the variant
property MazimumRoverSpeed is recalculated by solving a constraint satisfac-
tion problem that expresses the relationships between the rover speed and the
hardware and software configuration.

For defining the reconfiguration logic of the ConfigurationManager, the ROS
framework provides a Python library, called SMACH, to build executable hierar-
chical state machines. In SMACH a state corresponds to the system performing
some activity implemented as a user-defined class, which executes actions and,
at the end of the execution, returns an outcome, which is used to specify state

transitions. SMACH actions can reconfigure the variant features of a control
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architecture using the ROS mechanisms as described in the following.

VariantComponent. The Navigator is implemented as a ROS Node, i.e. a

C++ main program that accesses the roscore through the NodeHandle class.

The Navigator is started using two command-line tools called rosrun and roslaunch.

Their execution is terminated when the ros::shutdown() method is invoked. A
custom SIGINT handler can be implemented to execute some final actions be-
fore shutting down when Ctrl-C is pressed. The ConfigurationManager, can
start and stop the the Navigator component and every other component at run-
time by calling rosrun and roslaunch programmatically and sending shutdown
requests.

New components can be added to the control architecture (e.g. a compo-
nent that interfaces a new sensor used for detecting obstacles) without the need
to modify the other components of the system. This is possible in ROS be-
cause components interact according to the publish/subscribe communication
paradigm by exchanging typed messages on topic-specific communication chan-
nels: the components that provide data and services (the publishers) and the
components that receive and use them (subscribers) have no visibility of their
communicating peers [75].

Only the state machine of the ConfigurationManager needs to be updated,
by adding a new state that calls the launch file of the new component. In order to
allow dynamic replacement of an existing component with the new component,
they should have compatible interfaces, i.e. they exchange messages of the same

type (e.g. PointCloud) on the same communication channel (e.g. laser_scan).

VariantProperty. The ROS framework offers the Parameter Server, a shared,
multi-variate dictionary that is accessible via network APIs, to store and retrieve
parameters at runtime. It is globally viewable so that nodes can easily inspect
parameters values and modify them if necessary. It it mostly used for loading
component parameters at start-up.

For dynamic reconfiguration of parameters at runtime without having to

restart the node, ROS provides the dynamic_reconfigure package (still exper-
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imental) [76]. In order to manage the internal configuration, each component
implements the dynamic_ reconfigure() callback, which is called at runtime when
the component parameters are updated by the ConfigurationManager.

The domain of admissible values for a given VariantProperty are defined at
deployment time, while the actual value is computed at runtime according to the

reconfiguration logic defined in the state machine of the ConfigurationManager.

VariantConnector. Nodes exchange messages according to the publish/sub-
scriber communication paradigm. Messages are typed data structures organized
into topics. Each topic corresponds to a distinct message queue where nodes
push and pull messages they are interested in.

Publisher and subscribers are typically defined and initialized in the main
function of a node, which creates a spinner thread for processing incoming mes-
sages and invoking the associated callback functions.

The topics names of publishers and subscribers can be stored as Variant-
Properties that can be reconfigured at runtime. Publisher and subscribers need
to be destroyed and reinitialized in the dynamic_reconfigure() callback when
their topic names are updated by the ConfigurationManager.

New connections among components can be established or removed by sim-
ply updating the reconfiguration logic of the ConfigurationManager, which sets
the same topic name for pairs of publishers and subscribers that have to ex-

change messages.

Variant Activity. The ROS framework allows a node to create any number of
threads that can publish messages, check for incoming messages, and execute
the associated callbacks.

ROS allows users to create any number of callback queues, each one associ-
ated to a specific set of message topics. Each callback queue can be associated
to a dedicated thread that checks for incoming messages and executes the asso-
ciated callbacks.

For this purpose, ROS provides the ros::MultiThreadedSpinner library and

in particular the ros::AsyncSpinner class, which spins asynchronously and can
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be started and stopped dynamically at runtime. Therefore, it can be used to
implement instances of VariantActivity.

A boolean parameter indicating the state of a VariantActivity (i.e. started or
stopped) can be stored as a VariantProperty that can be reconfigured at runtime.
The VariantActivity is started or stopped by the dynamic_ reconfigure() callback
when its state is updated by the ConfigurationManager.

VariantFunctionality. The ROS framework includes the pluginlib package
that allows ROS nodes to open at runtime a shared library containing exported
classes (called plugins) without having any prior awareness of the library or the
header file containing the class definition. This mechanism is used for runtime
reconfiguration of functional classes annotated with the VariantFunctionality
stereotype.

In order to load a plugin class at runtime, the ROS framework requires to
explicitly list the registered plugins in a plugin description file. This file specifies

the classes corresponding to the admissible variants of a VariantFunctionality.

For loading a new variant of a functionality at runtime, the dynamic_ reconfigure()

callback reads the name of the plugin class from a VariantParameter, which is

updated by the ConfigurationManager.

5.3.1. New features in ROS 2

ROS 2 revises and extends the ROS development environment in several
ways (see [77] for the new use cases). In particular, it prescribes some design
patterns for structuring robot control systems.

While in ROS a Node is implemented as a C++ main program that wraps
robotic software libraries, in ROS 2 Nodes are implemented as shared libraries
that are loaded at runtime by a container process.

The container offers the ROS 2 service load node, which can be called pro-
grammatically to dynamically load a Node specified by the passed package name
and library name.

This mechanism allows to activate and deactivate Nodes at runtime and
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improves the reconfiguration mechanism of the VariantComponent architectural
elements.

Moreover, in ROS 2 Nodes are discoverable at runtime when their libraries
are being loaded into a running process. This allows to establish appropriate
connections among running Nodes. This mechanism can be exploited to improve

the reconfiguration mechanism of VariableConnector.

5.4. Threats to validity

One possible threat to validity is the ability of the proposed UML profile to
adequately represent variability in robot software architectures. To mitigate this
issue, we have analyzed the characteristics of some of the most popular robot
architectures in order to identify reconfiguration approaches and requirements.
It should be noted that these architectures have been used by international
research teams to develop a variety of robotic systems. Moreover, we have
recently conducted a thorough study on the drivers of variability in autonomous
robots [78].

Nevertheless, we are aware that the design of robot software architectures is a
vibrant research topic and further investigation of how variability is managed in
application-specific robot architectures is needed to provide objective evidence
about the generalizability of the proposed approach.

Another possible threat to validity is the ability of the proposed UML profile
to represent the reconfiguration mechanisms of robotics middlewares. To mit-
igate this issue, we have analyzed the commonalities of three popular robotics
middleware (i.e, YARP, Orocos, and SmartSoft) and we have then exempli-
fied how to use the proposed UML profile with a different middleware (i.e.
ROS). Nevertheless, we are aware that other robotic middlewares exist, such
as OpenRTM-Aist [79]. In order to mitigate this potential limitation, we are
planning to verify the applicability of the proposed approach to other robotic
middlewares as future work.

The proposed UML profile has been formalized by only one researcher but

we attempted to avoid any bias in its definition by leveraging the experience of
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numerous researchers and collaborators in designing real world robotic applica-
tions, which has been documented in a number of editorial projects lead by the

author on software engineering for robotics, such as [80], [81], [82], [83].

6. Conclusion and Future Work

In this paper we have presented the MARTE::A RM-Variability UML profile
for modeling the variability of robotic component-based systems that rely on a
middleware infrastructure for concurrent execution of control activities and for
message-based distributed communication.

Our work is motivated by the goal of enhancing maintainability of context-
aware self-adaptative robotic systems by clearly separating the adaptation logic
from the control logic through a well defined interface that specifies the software
variability of the robot control system.

MARTE::ARM-Variability has been designed as an extension of the UML
MARTE profile. This choice seemed natural to us for modeling robot con-
trol systems, which are characterized by the execution of several concurrent
activities with real-time constraints. Indeed, UML MARTE provides generic
stereotypes for annotating architectural models with information related to pe-
riodic activities, their timing, priorities, and required computational resources.
MARTE::ARM-Variability specializes these stereotypes to model concurrency
at various granularity levels and to specify architectural variability as typi-
cally found in robot control systems. For this purpose, the requirements for
MARTE::ARM-Variability has been devised from the analysis of well-known
robot software architectures and of popular robotic middlewares.

To the best of our knowledge, existing approaches based on UML have been
developed for generic self-adaptative systems, but they do not take into account
robotic-specific requirements.

The choice of extending the UML MARTE profile has the benefit of favoring
the seamless collaboration of experts focusing of different aspects of a complex

robot control system: the software engineer uses the standard UML notation for
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modeling the high level software architecture and the design of individual mod-
ules, the control engineer uses specific profiles for modeling the system dynamic
behavior with real-time constraints, the robotic engineer uses MARTE::ARM-
Variability to model the application variability, which typically depends on the
robot task, the robot embodiment, and the operational environment [84].

Moreover, the UML MARTE profile is supported by a variety of Model-
driven Engineering (MDE) tools, which allow to graphically model the robot
software architecture and to automatically transform the architectural model in
more convenient domain-specific models (e.g. for schedulability analysis, perfor-
mance analysis, etc.). The work presented in this paper adopts an orthogonal
modeling approach: MARTE::ARM-Variability is used to annotate the struc-
tural variability of a robot software architecture (i.e. the variation points), while
the functional variability of the robotic domain is represented in a separate Fea-
ture Model, which specifies dependencies and constraints among the features.
Our previous work related to MDE tools has developed the HyperFlex toolchain
[85] for linking Feature Models and architectural models. As a future work, we
plan to extend HyperFlex to exploit the MARTE::ARM-Variability profile.

To demonstrate the applicability of the proposed approach, we have shown
that MARTE::ARM-Variability can be used to annotate the architecture of a
robot navigation component framework that generalizes the design of well known
navigation libraries. We have also shown that the variability elements of the
proposed MARTE::ARM-Variability profile are not explicitly supported by the

built-in mechanisms of the ROS infrastructure, but they can be implemented by

exploiting several ROS pacakges (e.g. dynamic_reconfigure, ros::Multi ThreadedSpinner,

pluginlib) appropriately. This means that the implementation of variable archi-
tectural elements in self-reconfigurable robotic systems requires detailed knowl-
edge of these ROS packages and is error-prone.

In our future work, we will address this limitation by extending the Hyper-
Flex toolchain for the automatic generation of ROS source code from an architec-
tural model of component-based robotic systems annotated with MARTE::ARM-

Variability. Similarly, HyperFlex will support the automatic generation of
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SMACH executable hierarchical state machines that implement the reconfig-
uration logic.

In the Navigation case study, we adopted the Closed Dynamic Variability
approach [86], which supports the dynamic activation and deactivation of fea-
tures that have been predefined in advance in the runtime variability design.
This means that the architectural variation points and variants of the Naviga-
tor component framework are defined at design-time.

Nevertheless, the metamodel and runtime mechanisms presented in this pa-
per naturally support also the Open Dynamic Variability approach [86], which
allows the addition, removal, and modification of features dynamically, facil-
itating system reconfiguration in unforeseen scenarios in a controlled manner
[87].

This is possible because both the Feature Model of Figure [ and the architec-
tural model of Figure[3]build on formal metamodels, which are machine-readable
and can be processed automatically by a reconfiguration algorithm.

As an example, the Marker-based localization functionality in Figure[4 could
be removed in case the camera is faulty and cannot be used even when the envi-
ronmental conditions allow it. Contextually, the ZedCamera VariantComponent
and the connected VariantConnector would be removed from the UML model
of Figure

As future work, we plan to extend the navigation case study in order to
demonstrate the structural reconfigurability of the navigation framework (i.e.
adding/removing features and updating the reconfiguration logic). This capabil-
ity will help the robot learn reconfiguration strategies at runtime. In addition,
another possible line of future work includes further validation activities us-
ing different robotic middlewares and different use cases and the performance

evaluation of the reconfiguration mechanisms presented in this paper.
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