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Executive Summary

This deliverable reports about the research performed in Task 3.1 of the SESAME project. The main purpose of
the deliverable is to motivate and explain to experts inside and outside the consortium the scienti ¢ foundations,
concepts and principles of the proposed Executable Scenario (ExSce) methodology for engineering dependable
MRS. In a nutshell, Executable Scenarios aradel-basedarrative descriptions of robotic missions which

guide the engineering of MRS applications. We argue that the systematic engineering of dependable MRS
calls for involving and integrating heterogeneous stakeholders with different robotics expertise throughout
the life-cycle of MRS. In order to support this integration and to enable stakeholdspetdy executeand
managescenarios of MRS missions, the ExSce methodology is based on a model-based paradigm, which
facilitates the formalization of reusable scenario concepts. Supported by a thorough empirical domain analysis
of engineering practices for MRS, we identify and describe several core scenario concepts and their constraints
on each other as well as their inherent variability originating from, to name a few, different stakeholder needs
and robot systems. In particular, we discuss some scenario concepts involved in exploiting scenarios as a way
() to express MRS requirements and associated criteria of acceptand@) aoexecute and test scenarios

in simulation environments. For performing the latter, we propose and descéipario instrumentations

a mechanism to probe scenario executions and to extract information for the sake of verifying and validating
scenarios.

30 September 2021 Version 1.0 Page v
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D3.1 MRS Design Concept and Methodology

1 Motivation and Challenges

The work described in this deliverable was performed in the context of the EU project SESAME. More pre-
cisely, it refers to Task 3.1 (MRS Design Concept and Methodology) of WP 3 (Executable Scenarios and
System Modelling). The main objective of this report is twofold. First, to critically discuss and analyse the
state-of-the-art in requirements engineering and model-based development for robotics. Second, to motivate
and describe the scienti ¢ foundations of the ExSce concept and methodology. The remainder of this report is
structured as follows:

In this Chapter we rst recapitulate the SESAME project context and exemplify, with the help of
SESAME use cases, the scienti ¢ challenges associated with developing dependable multi-robot-systems.
In Chapter 2 we discuss related work in the broad domain of robot software engineering.

In Chapter 3 we introduce the ExSce concepts and methodology and based on an empirical assessment
of a SESAME use case we derive an initial set of requirements for tools supporting the ExSce concept
and methodology.

In Chapter 4 we provide rst steps to formalize the concepts of the ExSce.

In Chapter 5 we employ developer interviews to capture ideas for the next steps to develop the ExSce,
speci cally in the direction of quality assurance and testing.

In Chapter 6 we introduce concepts relevant for the speci cation and instrumentation of scenarios and
we discuss how existing modelling approaches in robotics can be exploited to model robot capabilities
(e.g., SESAME robot control capabilities).

In Chapter 7 we introduce concepts relevant for executing and simulating scenarios with the help of
modern simulators.

1.1 SESAME Project Context: Engineering Challenges for Multi-Robot Sys-
tems

Preferring multi-robot systems over single robots can be desirable in particular when the task is too challenging
for a single robot to achieve and/or when heterogeneity (e.g., different robot types, various sensor modalities)
or homogeneity (e.g., similar robots) should be exploited to improve robustness (e.g., either through diversi ca-
tion or redundancy). In the robotics domain MRS are broadly classi ed into two categories, hamely collective
swarm systems and intentionally cooperative systems [199]. Within SESAME and exempli ed through the
use cases (see Sec. 1.2) we focus on the latter where individual robots are aware of the other robots and act
together in order to achieve one or more joint goals. To realize cooperative MRS there exists a large body of
knowledge dealing with questions, to name a few, of how, when and what should be communicated within a
MRS, how can tasks be identi ed, distributed, allocated and scheduled among the MRS and how should the
MRS be orchestrated and coordinated. While there are many algorithms and methods available for answer-
ing these questions, several scienti ¢ challenges which are intrinsic to MRS remain open. In the context of
SESAME we focus on the challengé4, C4, C5 andC6 described in the following paragraghs

C1 (Openness and emergent behaviour)MRS are often loosely connected enabling them to form

and dissolve con gurations dynamically. Assessing the effects of failures of all possible con gurations

is an intractable problem, which cannot be addressed without resorting to worst-case assumptions and
severe restrictions on MRS performance. Also, intentional or inadvertent interactions between MRS
members and exogenous factors (e.g., their environment, humans) may lead to emergent behaviour.
This behaviour is not an aggregation of the members' behaviour and cannot be predicted a priori but
may cause the MRS to act against design intention.

C2 (Uncertainty): MRS exhibit various uncertainty sources including: (1) partial environment observ-
ability, unreliable sensors and data collection components, and stochastic effects of the robot's actions;

1The following paragraph is taken from the SESAME proposal.

30 September 2021 Version 1.0 Page 1
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D3.1 MRS Design Concept and Methodology

(2) nondeterministic inferences drawn by Al components used for reasoning, control or localisation; (3)
inadequate understanding of dependability-speci ¢ properties of MRS including the quality of informa-
tion provided by third-party entities. Expressing, modelling, and quantifying these uncertainty sources
on various levels of abstraction (e.g. robot and system level) is imperative to establish the limits to
assurance posed by uncertainty.

C3 (Security threats and their implication for safety): The complexity of MRS missions, the lack

of suitable mechanisms for systematic threat modelling and analysis, and the openness and emergent
behaviour of MRS (C1) contribute to developing security risk-oblivious MRS. Furthermore, current
research focuses on MRS safety and security in isolation ignoring their cross-implications. However,
an MRS, albeit meeting all safety requirements and conforming to the expected integrity levels, can
become unsafe when its security is compromised.

C4 (Heterarchical organisation): A heterarchical organisation enables capturing within the collective
intelligence of MRS communication policies and adaptation strategies for responsibility delegation, ad-
dressing the limitations of centralised and hierarchical MRS regarding scalability, mission enablement,
and exibility. However, the lack of an overarching speci cation and the absence of a robot with total
control challenges the level of dependability guarantees that can be provided at runtime. Consequently,
the MRS safety cannot be interpreted as a set of goals related to the behaviour of one robot and to which
other robots contribute.

C5 (Variability): The available software and hardware robotic components and heterogeneous robotic
platforms create increased variability levels. The lack of robotic-speci ¢ methods for requirements engi-
neering, use case modelling and user story de nition using these variability levels and MRS capabilities
as rst-class entities results in dysfunctional communication between stakeholders, and underspeci-
ed functional and non-functional requirements. Also, without making these variability-aware entities
available at runtime, the MRS nds dif culties to adapt dependably given the current state (e.g., robot
embodiment, team con guration, environment condition).

C6 (Tailorability): The lack of both tailorable development methodologies and tools impede the sharing
of models, knowledge and designs across similar applications and their stakeholders. For instance,
although an MRS logistics application in healthcare has different safety requirements than the same
MRS application in agile manufacturing within a smart factory, their security considerations and initial
designs could overlap signi cantly. Without explicit support for tailorability, much effort is devoted

to tasks that could have been streamlined, instead of focusing on the most critical aspects of an MRS
application.

1.2 Motivating MRS Use Cases
1.2.1 Dual-arm Manipulation for Lifting a Box

Robot manipulation scenarios in factory settings, such as the battery innovation centre use case form AVL or
assembly lines use case from KUKA, can be dif cult to replicate, even in simulation. Instead, we propose
here a simpli ed multi-robot manipulation task, in which two robot arms work together to lift an object, e.g. a
cardboard box as illustrated in Figure 1. The scenario can be divided into three distinct stages, each concerning
different aspects of robot motions:

1. Starting from a con guration where the grippers are roughly aligned with the box (Figure 1a), the arms
are lowered until they touch the table (Figure 1b).

2. Potentially with some additional alignment after contact, the arms are supposed to slide along the surface
until the grippers apply opposing force to stabilize the object (Figure 1c).

3. Finally, the arms coordinate with each other to lift the object (Figure 1d) while exerting suf cient force
to prevent slippage.

Page 2 Version 1.0 30 September 2021
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(a) (b)

(©) (d)

Figure 1: Dual arm manipulation use case

Despite its simplicity, the dual arm use case includes several of the SESAME challenges presented in section
1.1.

First, the use case requires knowledge from numerous domains relevant to a manipulation task, each
having variational points to conside€$). Aligning the grippers in the rst stage or coordinating the

lifting action in the third stage, for example, requires representatiogeofmetric relationdike the
gripper-table and gripper-object orientations, or the gripper-table posiignamics relationsinclud-

ing the gripper-table and the gripper-object contact, also need to be captured to realize the arms' sliding
motion along the table as well as the coordinated lifting action. Furthermore, the three stages described
above is only one way of solving the task. For instance, the second stage can be carried out without con-
tact with the table, and the lift in the third stage can be done by squeezing the object with the last link,
i.e. the link where the gripper is attached, instead of the grippers. Such variabilitytaskakevelcan
potentially affect the speci ¢ control strategy eventually executed on the robots.

While being relatively structured, the use case's third stage requires synchronizing the upward motions
of the arms while maintaining a force on the object to keep it between the grippers. Such coordination
is at risk of unexpected eveni8]) like the object's slippage or, when the arms do not ascend at a same
rate, rotating into an unforeseen con guration.

Feedback for the control strategies employed in this use case can come from the various sensors equipped
on the robots (e.g., end-effector forces and joint torque sensors) or estimation of some physical quanti-
ties like friction or motor inertia. Uncertaintie€) from sensor noise and model inaccuracy, therefore,

can be detrimental to the control task, especially ones that may require dynamics calculations like in
this use case.

1.2.2 Environment Inspection Using Multiple Drones

Autonomous Pest Management (APM) requires regular monitoring, data collection and treatment of vines.
These diseases have no curative treatments, which is why early detection and regular monitoring are required

30 September 2021 Version 1.0 Page 3
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Figure 2. Graphic representation of a digital vineyard. Vines are localized based on its real-world
coordinates. Data is stored in a relational database and classi cation algorithms are used to estimate
the probabilities for various parameters such as infection risk.

on viticulture applications. Current solutions are not automated and face multiple challenges due to the vari-
ations from vineyard to vineyard. The use of drones for the inspection of viticulture crops would increase the
exibility of the system and enable stakeholders to handle some of these challenges, however fully autonomous
work ows require assurances about the safety of an operation, ideally Beyond Visual Line of Sight (BVLOS).
The AGv2 drone developed by Aero4l for crop protection, combined with LUXSNS data collection and re-
mote sensing approaches are to be evaluated on the DKOX winery, providing a more exible, cost-effective
and ef cient pest management.

The main technical challenges faced by stakeholders are related to the vineyard vari@i@p)( which

in uence the variability in the missions and robot con guratioi@bj. Variations on vineyard blocks relating

to the spatial and soil properties of the terrain require a multi-layer process with task variations and drones
equipped accordingly with different sensor con gurations for each t@dkandC4). Adverse environmental
conditions during the operation, dynamic obstactég)( the drone con guration itself (weighing between 5

and 50kg) and the legal requirements for the spraying of chemicals heavily in uence the safety requirements
of the drones and their operation.

Validation of the MRS, especially with the purpose of assuring its safety, requires stakeholders to perform
extensive tests to account for as many variations as possible. Therefore, tools and methods are required which
will support stakeholders in generating scenarios for testing by considering variations of vineyard blocks and
by exploiting different vineyard models (seen in Fig 2).

These scenarios will allow developers to test the performance of varying MRS con gurations and missions,
and support the generation of scenarios to test safety features against environmental variability.

1.2.3 Disinfecting Hospital Environments Using Robotic Teams

Frequently touched surfaces at hospitals and other crowded spaces should be properly disinfected periodically
in order to cut chains of transmissions of several diseases. Among these surfaces are walls, doors, and tables,
which have to be manually disinfected by cleaning staff. It is estimated that only 50% of these surfaces are
adequately disinfected through manual labour and chemical products in hospitals. An alternative is the use
of UVC lamps, which can be mounted to a robot platform in order to automate the disinfection task. This
solution is presented by the industrial partner Locomotec with the platform KELO AD UVC robaot, illustrated

in Figure 3.

The main technical challenges with this system are related to safely performing the disinfection tasks. This in-
volves autonomous task execution, obstacle avoidance, person detection, and UVC lamp control. For instance,

Page 4 Version 1.0 30 September 2021
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Figure 3: Kelo Arodis platform

the robot must be able to turn off the UVC lights in proximity to a person in order to avoid exposing them to

a dangerous dose of UVC light. This functionality must be reliable, and be able to detect humans indepen-
dent of their pose, distance to the robot, or partial occlusion by common objects such as laptops and furniture.
Another technical challenge is ensuring that the MRS is scalable, enabling the addition of more robots to the
team to sanitize the space more ef ciently. These challenges are related to the key challenges addressed by
SESAME regarding openness and emergent behavi@il); (incertainty C2), and variability C5).

The main challenge in the development process stems from ISO and DIN safety standards the KELO platform
must comply with. Locomotec must prove through intensive testing that the functionality conforms to the
standards for the platform to be safely deployed. They must also con rm that the functionality and safety of the
platform are not affected by introducing the system in totally new environments. Additionally, Locomotec has
the interest of deploying a highly effective system, which requires optimization of the core components. These
challenges also relate @2 andC5 from the key challenges of SESAME. To address these, tooling is required
which will introduce variations to the environments in order to generalize the veri cation process, uncover
suboptimal behaviour, and expose faults in the core components such as person detection and navigation. Such
a tooling should also support the simulation of these scenarios through the generation of software artefacts,
reducing the effort required to set up a test in simulation.

30 September 2021 Version 1.0 Page 5
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2 Scienti c Foundations, Prior and Related Work

The objective of this chapter is twofold. First, to introduce the scienti ¢ foundations of the Executable Scenario
concept and methodology which will be introduced in Chapter 3. To this end, we employ a system engineering
perspective to answer the questishichandhowstakeholders are possibly involved in developing, testing and
deploying advanced multi-robot systems (cf. Section 2.1). Second, to introduce and discuss prior and related
work in the broad eld of robot system and software engineering, which is crucial to understand our motivation

to introduce the Executable Scenario concept and methodology. To this end, we use the stakeholders introduced
in Section 2.1 to discuss how model-based approaches in robotics support stakeholders to perform their tasks.
We also discuss how existing development process and procedure models are tailored toward robotic needs and
how stakeholders play a role in them (cf. Section 2.3).

2.1 Stakeholders in Robotic Applications

Engineering processes often referstakeholderss the source of requirements that the developed system or
software need to ful |. Identifying parties who may hold stakes in the system-of-interest (Sol) is challenging,

as relevant stakeholders can vary depending on the particular system being developed, as well as the speci c
stage the Sol is in over its life cycle. For consistency, we adopt the de nition of stakeholders from the ISO
standard on system life cycle processes [2]:

Stakeholder Individual or organization having a right, share, claim, or interest in a system or in
its possession of characteristics that meet their needs and expectations.

From an organizational perspective, partners in the SESAME project can be broadly categorized into two
groups:industrial partnerswho provide use cases inspired by their commercial applicationressérch and
development (R&D) partnemsho drive the innovations behind technologies developed in the project.

Having to consider tangible nancial risks, industrial partners share a more conservative view on in-
novations and are generally resistant to any major modi cations of their existing processes or systems.
Furthermore, they tend to focus on problems and requirements tightly coupled to their use case and not
necessary applicable anywhere else. Perhaps by design, SESAME's industrial representatives cover a
wide variety of both MRS scenarios (e.g., from smart manufacturing to drone inspection) and matu-
rity (e.g., from emerging startup to international corporation), which can allow for different levels of
tolerance towards more generalized and potentially disruptive innovations.

Compared to their industrial counterparts, R&D partners are either research institutes or universities
and, as aresult, are less pressured by nancial concerns. They can explore a wide variety of approaches
in order to produce innovative solutions for more generic problems, which may also include ones found
in industry. However, research-oriented groups tend to focus on very speci ¢ aspects of such prob-
lems, skimming over assumptions that may require signi cant engineering effort to resolve in industrial
settings.

In addition to the organizational perspective, stakeholders may also be identi ed by the activities they perform
in the project. The Horizon 2020 project RobMo3y€omposable Models and Software Robotic Systems)
lists several roles that may in uence the development of robotics applications [191]. The de nitions of task,
skill, service, and other RobMoSys relevant terms used for the following description of the stakeholders can
be found on the project's wiki page

Behaviour developersievelop high-level tasks and task-plots, which can be performed using the robot's avail-
able functionalities (i.e., skills), to realize the desired robotic application.

2https://robmosys.eu/
3https://robmosys.eu/wiki/glossary
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Service designerprovide the service de nitions which consist of communication semantics, data structure
and other properties required to describe components' functions and their interfaces. These de nitions
are independent on the components' concrete realization and can be used for designing the system's
architecture without having to consider concerns speci c to a particular use case or platform.

Function developerglevelop functions to be used bpmponent suppliert® create components.

Component suppliersise functions provided bfunction developerto create components based on service
de nitions from service designers

System architectslesigns a system architecture using existing service de nitions providsdmvice design-
ers The resulting architecture is independent on speci c realization of components.

System buildersaassemble the system by selecting and composing appropriate components from the ones pro-
vided bycomponent supplier® realize the desired services speci ed in the architecture designed by
system architects

Safety engineedeals with safety-related concerns of the system. Itis important to emphasize, thatin SESAME
we argue that this role should be extended to also cover securitgafety and security engineeas
both can be critical to a MRS system's “correct operations”. Requirements provided by this role may de-
termine some of the instrumentation needs for veri cation and validation (V&V), whystem builders
andcomponent supplienseed to take into consideration during their respective activities. A more de-
tailed discussion of what we mean by instrumentation and its relation to V&V is included in Section 6.2.

Performance designeshould be extended to cover other non-functional requirements (NFR) [1] beyond per-
formance, such as reliability, maintainability, and so on. Constraints speci ed by this role may also
in uence the decisions afomponent supplierandsystem builderguring component creation and se-
lection. Actors in this role may need to balance the priorities of NFR that often con ict with each other:
reliability, for example, may imply inserting extra code that can impair performance.

In SESAME, such roles may be represented by individuals from both industrial or R&D partners. For example,
a R&D partner may wish to reuse existing components that need to interact with ones from an industrial partner.
This may require coordination skrvice designerandsystem architectsom both organizations to agree up

on a nal system architecture. Furthermore, and especially for teams of smaller size, a single individual may
assume responsibilities for several rolessystem architectfor example, often also selects the appropriate
components to realize their architecture, i.e. performgstem buildes activity. Assuming responsibilities for
multiple roles is particularly common in smaller organizations, evident as shown and discussed in Section 3.3.

Other relevant activities may encompass several of the aforementioned roles. Testing, for example, can be
done at the functional, component or system level. At the same time, tests can be used to verify performance
and safety/security requirements or validate expected behaviours. Testing as an activity, therefore, can be per-
formed by every role listed above. Another example is hardware design and/or selection, which in SESAME
is likely to involve onlycomponent supplierandsystem buildersOther projects, however, maybe interested

in developing hardware components from scratch, which then would demand activities freumdtien de-
veloperrole.

The RobMoSys roles covértrinsic views on designing and building systems. External factors like customers

or regulatory bodies may also in uence this process. For example, each use case described in Section 1.2 and
developed within SESAME needs to conform to general and domain-speci ¢ standards imposed by authorities
before it can be deployed in the eld.

2.2 Model-Driven Engineering in Robotics

The Executable Scenario concept and methodology is based on the model-driven engineering paradigm [54]
which promotes the idea to consolidate, harmonize and capture domain knowledge both conceptually and tech-

30 September 2021 Version 1.0 Page 7
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Stakeholder Approach

Behaviour Developer [13] [15] [22] [27] [31] [32] [33] [36] [39] [44] [49] [52]

[55] [62] [79] [81] [85] [98] [109] [115] [113] [111] [124]
[127] [138] [139] [142] [143] [157] [160] [165] [176] [181]
[184] [187] [188] [200] [202] [208] [209] [211] [222] [50]

[91][149]

Service Designer [18] [21] [45] [61] [95] [103] [123] [125] [131] [140] [90]
[177] [178] [186] [192] [205] [179] [149] [40]

Function Developer [9] [35] [37] [46] [48] [59] [60] [57] [75] [76] [78] [86]

[87] [88] [93] [97] [103] [105] [108] [117] [120] [121] [123]
[128] [129] [130] [134] [147] [159] [163] [164] [174] [194]

[213]

Component Supplier [20] [66] [89] [116] [119] [132] [145] [146] [158] [167]
[192]

System Architect [18] [38] [66] [70] [81] [82] [83] [95] [96] [105] [104] [106]

[107] [135] [140] [145] [146] [163] [164] [167] [177] [178]
[192] [221] [182] [179]

System Builder [66] [69] [70] [82] [83] [104] [112] [132]
Performance Designer [110] [135] [156] [180] [169]

Safety Engineer [6][8][58] [63] [80] [141] [168] [175] [190]
Others [195] [203] [210] [214] [219] [23] [99] [216] [65]

Table 1: Model-driven engineering approaches categorized by the stakeholder role they support.
Based on the assessed literature in the survey by Nordmiaan[162] we associate the different
MDE approaches with stakeholders.

nically in the form of meta-models. Those meta-models, to mention a few bene ts, pave the way to create do-
main models with the help of textual and graphical domain-speci ¢ languages (DSLs) which are programming
or speci cation languages having abstractions from a particular problem domain [212]. Exploiting domain
models as core artefacts throughout the complete development cycle ranging from design, speci cation, im-
plementation to testing and even deployment is nowadays well-established in several application elds such as
avionics, automotive and telecommunications where general-purpose modelling languages and their domain-
speci c extensions (e.g., UML MARTE [17], SysML [166], AADL [77]) are used to model and analyse various
system aspects and properties.

In robotics, DSLs are also not a new concept and early work dates back to 1984 where Hertlatson

troduced the Logical Sensor Speci cation Language (LSS) [103] to support robot engineers to specify both
architectural and algorithmic concerns of sensing and state estimation processing chains. Nowadays, DSLs are
frequently used in robotics to specify knowledge from different problem domains such as kinematics [88][108],
dynamics [87], motion control [147][205] and perception [106][35]. Generally speaking, for any model-based
approach to be successful it is crucial to understand when, how and by whom the DSL and associated infras-
tructure is used and for which kind of task [212] and Schne&deal. [195] investigated the origin of design
decisions and underlying development process that resulted in a robotics DSL for specifying robot grasping
problems. In the context of the SESAME project we investigate in the following paragraphs the rich Body of
Knowledge in robotic DSLs from the perspective of the RobMoSys stakeholders introduced in Sec. 2.1. To
this end, we classify existing MDE approaches in robotics along stakeholders and their activities (see Table 1).

Behaviour developergan rely on several DSLs to specify and analyse coordination activities both on a pro-
gramming language level [32][33][188][55] and on an architectural level [124][139][208][209][181],
where different variants of hierarchical state machine languages are used to specify behaviours. Notable
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examples are formalisms based on behaviour trees [91] and approaches inspired by behaviour-based
robotics [211]. For orchestrating several robots existing DSLs and associated frameworks enable be-
haviour developers to specify MRS tasks and missions [142][149] as well as managing execution-related
aspects such as resources [143][160]. Most of the mission speci cation languages include domain-
speci ¢ aspects, for example, the work of [50] allows the de nition of permitted ying zones as part of

the drone mission speci cation.

Service designersare concerned with specifying re-usable interfaces and data structures of robot capabilities
and components. The general idea of DSLs supporting this role is to provide abstractions to model both
the problem space and solution space [178][90][179] of robotic systems in the form of architectural
patterns [18][192], behaviour templates [205] or speci cations of high-level robot capabilities which
are independent of concrete realizations (e.g., feature model approaches [95][40]).

Function developersare supported by a wide range of DSLs to specify different robot functions ranging from
kinematic and dynamic algorithms [87], motion control architectures [163][164] and force control al-
gorithms [123] to perception [103][105]. The majority of these DSLs also sufpoction developers
in tasks which are in one way or another either associatedriace designersr system architectd-or
example, in the work of Klotzbucheat al. also enables function developers to create re-usable tem-
plates of different types of hybrid force/velocity motions and the motion control languages introduced
by Nordmann [164] enables developers also to model architectural concerns of motion control systems.

Component supplierpackage developed functions into components and existing DSLs support this task for
dedicated type of components (e.g., supporting packaging of sensor components [20]) or more generally
by providing dedicated views in model-based tools (e.g., see [167], [66]). Another approach is proposed
by Mallet et al. where functions are integrated directly in components conforming to a particular robot
software framework (e.qg., [146]).

System architectare supported by various DSLs to assemble components into an overall architecture. DSLs
range from supporting the speci cation of domain-speci ¢ architectures and sub-systems (e.g., motion
control [163] or perception [106]) and general-purpose approaches [18] to languages for modelling
architectures of decisional autonomy [70] and the analysis of execution (e.g., scheduling, WCET etc.)
properties of robot control architectures [135].

System buildersare similarly supported with DSLs as system architects, and the majority of existing ap-
proaches do not make a concrete distinction of these two roles. However, some approaches provide
dedicated views in their model-based tools to support the system builder [66].

Performance designeare supported by DSLs to specify non-functional requirements and properties on var-
ious levels of abstraction ranging from components and sub-systems [110][156][180] to quality-of-
service properties of robot software middlewares [169]

Safety engineersieed to specify and verify safety related requirements and existing approaches employ ei-
ther domain-speci ¢ abstractions to model safety-related aspects (e.g., [8]) or employ well-established
formal languages and approaches such as LTL [80] and other formalisms [6][63][58] to specify require-
ments and to synthesize systems and safe robot behaviours.

2.3 Development Processes in Robotics

While there are several reports about successful deployments of robotic systems in the real-world (e.g., deploy-
ment of robots in long-term domestic environments [101] or healthcare robots [114]), little is known about the
underlying and employed development processes used to engineer these and other applications. This is partly
due to the fact that in the robotics community it is more accepted and common to report about relevant and
successful core robotic algorithms (e.g., perception, navigation, planning and control) than to report about ac-
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