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Executive Summary

This deliverable reports the specification of multi-robot systems (MRS) capabilities in Task 2.1 of the secure
and safe multi-robot systems (SESAME) project.

This deliverable proposes a novel concept of stratagem, which encapsulates the capabilities of individual robots
and robotic teams. It describes the capabilities of the multi-robot systems for the research and development
activities that will be carried out within the SESAME project. In the first place, a stratagem enables engineers
to specify and configure the hardware, software, and required capabilities. By using stratagems, engineers
can describe high-level robotic capabilities, skills, roles, and behaviors based on the type of the robot and
its onboard sensing devices. In addition to individual robot capabilities, stratagems facilitate the definition
of capabilities at the team level and team coordination and collaboration, such as task decomposition and
allocation. These novel and reusable capabilities reinforce the multi-robot system’s robustness deployable
across many different multi-robot systems use case missions such as:

• Use Case 1: Dependable Multi-Robot Systems in the Battery Innovation Centre.
• Use Case 2: Disinfecting Hospital Environments using Robotic Teams.
• Use Case 3: Power Station Inspection using Autonomous Multi-Robot Systems.
• Use Case 4: Autonomous Pest Management in Viticulture.
• Use Case 5: Security Management of Multi-Robot Systems-Based Assembly Lines.

These capabilities are incorporated in the SESAME knowledge base. Based on this knowledge base capabil-
ities, then the WP3 can specify Executable Scenarios (ExSce) and transform them into executable models for
simulation or the real multi-robot systems (see Figure 3 in the SESAME project description [1]). To this end,
SESAME will make advances in three types of multi-robot systems capabilities, i.e., collaborative perception
and sensor fusion, perception-aware trajectory planning, and collaborative intelligence.

It also describes the generic and application-specific architectural guidelines with a use case example of how
to compose and configure capabilities of the multi-robot system into a more specific application that can
instantiate for a diverse set of scenarios.
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D2.1 Specification of MRS Capabilities

1 Introduction

European strategy and research roadmap documents emphasize the significant societal and economic bene-
fits of robotic and autonomous systems. Multi-Robot Systems (MRS) comprise distributed and interconnected
robotic teams that can carry out tasks beyond the competency of a single robot. Although, MRS offer improved
scalability, performance, increased robustness, and mission enablement. The lack of a systematic engineering
methodology covering the complete lifecycle of MRS results in solutions that fail because of fragile design
and unrealistic assumptions. Secure and Safe Multi-Robot Systems (SESAME) project address these prob-
lems through an open, modular, model-based approach for the systematic engineering of dependable MRS.
SESAME is underpinned by public meta-models, components, and configuration tools supporting the depend-
able MRS operation in uncertain settings characterized by emergent behaviors and possible cyber-attacks [1].

This document presents a stratagem to compose a MRS. SESAME will develop novel and reusable capabilities
that reinforce MRS robustness deployable across many different MRS missions. Models of these capabili-
ties are incorporated in the SESAME knowledge base. Thus, WP3 can be used to compose a MRS and an
input to specify an Executable Scenario (ExSce) for simulation or the real MRS. To this end, SESAME will
make advances in three types of capabilities, i.e., collaborative perception and sensor fusion, perception-aware
trajectory planning, and collaborative intelligence.

1.1 Document Purpose

This document was prepared in the context of the European Union (EU) SESAME project. More precisely,
it refers to Task 2.1: Specification of Multi-Robot Systems of Work Package (WP) 2: Sensor Fusion and
Collaborative Intelligence. In particular, it is aimed to develop the novel concept of stratagem, by which to
specify and configure the hardware, software, and the required capabilities. This contributes a set of generic
and application-specific architectural guidelines to compose and configure the MRS capabilities into a larger
application that can be instantiated for various use case scenarios.

1.2 Document Structure

This deliverable D2.1 document consists of the following sections:

• Section 2 discusses the related work in the specification and configuring of multi-robot systems capa-
bilities in detail.

• Section 3 describes the specifications of multi-robot systems in terms of mission-level and robotic-level
capabilities. Additionally, it explains the robot’s skills, roles, and behaviors in detail.

• Section 4 describes the concept and methodology of stratagem with a sequence of steps on how a
robotics engineer can select a robot according to the required capabilities, roles, and skills for a multi-
robot systems mission-specific task.

• Section 5 describes the generic and application-specific architectural guidelines with a use case example
of how to compose and configure capabilities of the multi-robot system into a more specific application
that can instantiate for a diverse set of scenarios.

• Finally, Section 6 concludes this report.

1.3 Relationship to other Deliverables

This deliverable D2.1 provides the specification of multi-robot system capabilities based on the use case re-
quirements in WP1, which have been specified in deliverable D1.1 – Project Requirements.

Based on the use case requirements, a generic stratagem methodology and guidelines are provided on com-
posing and configuring the multi-robot system’s capabilities into a more specific application. The dotted blue
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D2.1 Specification of MRS Capabilities

rectangle in Figure 1 illustrates the focuses of the present deliverable D2.1. The system requirements, such as
functional, non-functional, safety and, security requirements, are identified based on the capabilities. These
capabilities and architectural guidelines thus set the knowledge base for executable scenarios to be specified in
WP3. The deliverable D3.1 specification is represented by executable scenarios.

Figure 1: Workflow between the Project Requirements (WP1), Specification of MRS Capabilities (WP2), and Specification of Executable Scenarios
(WP3). The dotted blue rectangle illustrates the focuses of this deliverable.
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D2.1 Specification of MRS Capabilities

2 Related Work

This section discusses the related work in the specification and configuring of multi-robot systems capabilities
in detail.

Several methods offer user-oriented ways of specifying and configuring multi-robot systems missions. These
methods vary concerning the used language families and user interfaces as well as application domains, target
platforms, and end-users. Prominent representatives for procedural multi-purpose programming languages are
the swarm programming languages KARMA [2], VOLTRON [3], PaROS [4], and BUZZ [5]. In contrast, rep-
resentatives for declarative markup languages include the Task-based Mission specification Language (TML)
and the Mission Description Language (MDL) [6]. Programming-like languages provide a richer feature set
and a higher degree of expressiveness than their markup-based counterparts. However, their handling also re-
quires programming skills, making them less suitable for quick applications in dynamic ad-hoc scenarios. The
end-user orientation of markup languages comes at the cost of reduced flexibility concerning the application
domain and the used platforms. CommonLang and the PROMISE framework [7], which enables the specifica-
tion of high-level goals rather than atomic mission steps, are further examples. Schwartz et al. [8] represent a
mission in a flow-chart-like diagram that is easy to comprehend and simple to generate but lacks proper support
for concurrency. Statecharts [9] have been successfully applied to describe robotic missions [10], [11], [12].
Statecharts are an extension of state machines and state diagrams, with a graphical syntax and formal seman-
tics. This type of diagram requires a detailed definition of the steps a robot (or a team of robots) must perform
in order to achieve a mission, which may become complicated in practical cases. Another formalism is Petri
Nets [13], which have been successfully applied to develop robotic applications in the past [14]. In particular,
Petri Net Plans (PNPs) [15] were developed to allow developers to describe plans for teams of robots. De-
spite their expressive power, PNPs require a precise definition of every action a robot is requested to perform.
Furthermore, graphical user interfaces exist, typically easy to use but instead tightly bound to the application.
There are several examples of such user interfaces for drones, including FLYAQ [16], the mission definition
system [17], the FlightMaster software platform [18]. Robotic Modeling Language (RobotML) [19] enables
the user to graphically model architecture, communications, behavior, and deployment of robotic systems as a
further graphical approach.

Temporal logics, particularly Linear Temporal Logic (LTL) and Computation Tree Logic (CTL), are increas-
ingly used by robotics experts for mission specification [20], [21], [22], [23], [24], [25], [26], [27], [28], [29],
[30]. LTL is also widely used due to the variety of existing planners which take LTL-based models as input.
Furthermore, a temporal logic-based specification has other benefits as allowing users to analyze mission sat-
isfaction through the use of model checkers. However, manually writing LTL specifications is complex and
error-prone. To aid users in this process, mission specification patterns have been recently proposed to automat-
ically generate mission specifications in temporal logics from recurrent mission specification problems [31].
Our proposed stratagem concept enables the creation of the executable scenarios through the definition of the
MRS since they describe recurrent mission specifications that can be composed of complex missions. In order
to compose such complex missions, we propose a set of capabilities. These capabilities allow composing in-
dependent robotic missions or collaborative missions. In our stratagem, we use domain expert’s knowledge to
rank the robotic-level capabilities and help in the decision making process to the robotic users when composing
their MRS.

It is essential to understand the most relevant concepts to the following discussion of a domain analysis, namely
robot, component, action, and capability [32]. A robot is defined as a physical agent that performs actions by
manipulating the physical world and that has effectors and sensors. A component of a robot is defined as
hardware, e.g., sensors and effectors, software control program or information object, e.g., maps and object
models. An action is consciously, volitionally, and purposefully done by at least one actor. A capability is the
ability to perform a specific action. A robot has a capability due to its components. It is difficult to compare
a robot and an action directly because they have very different characteristics: a robot has physical, spatial
characteristics whereas an action abstract, hierarchical ones. In order to be able to match between robots and
actions the concept of “capabilities” is introduced. An action depends on a set of capabilities and a set of
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D2.1 Specification of MRS Capabilities

components equips the robot with a certain capability. In order to exhibit a certain capability, a robot has to
possess a set of components that cooperate and jointly enable the robot to exhibit the capability, is as shown in
Figure 2 [32].

Figure 2: Relationship between the Concepts Robot, Component, Capability, and Action [32].

Parameterization is a component development technique in which components are adapted in many different
ways by substituting the values of parameters which are embedded in the component. It allows codification
of how adaptation is made within a component. The purpose of parameterization is to develop generic com-
ponents that can be adapted in many ways by supplying values to parameters. This is not a new software
engineering concept, and it has been implemented in many forms, such as subroutines, generics, macros, and
preprocessors.

Identifying and understanding "factors" that result in different applications or different implementations of
similar applications in a domain is the basis for parameterization. The factors considered in this method for
parameterization can be largely classified into commonalities and differences of:

• The capabilities of applications in a domain from the end-user’s perspective.
• The operating environments in which applications are used and operated.
• The application domain technology based on which requirements decisions are made.
• The implementation techniques (e.g., synchronization mechanisms used in the design).

Use case applications in a domain, although they provide a large set of common capabilities, provide different
sets of capabilities, which make each application different from others. These capabilities from the perspective
of end-users are modeled as features. A set of features characterizes the capability of the system. Therefore,
features are used to parameterize domain products from the user’s perspective.

In the development of a use case application, earlier decisions generally affect the range of decisions that can
be made later, as shown in Figure 3 [33]. For instance, any prior decisions on an operating environment may
affect the range of architecture models and implementation techniques that can be selected later. For example,
in the viticulture domain, an Autonomous Pest Management (APM) system might be appropriate in a multi-
tasking environment to identify the mission-level capabilities such as data collection, fungicide spraying, and
monitoring the mission before development. The knowledge of inter-relationships between various develop-
ment decisions is an important part of domain knowledge. Hence, we propose capabilities-driven specification
and configuration of multi-unmanned aerial vehicle missions for safe and secure multi-robot systems based on
the following capabilities:
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Figure 3: Types of Development Decisions [33].
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3 Specification of Multi-Robot Systems

This section describes the specifications of MRS in terms of mission-level and robotic-level capabilities. Ad-
ditionally, it explains the robot’s skills, roles, and behaviors in detail.

Specification of MRS is at the core of the stratagem, which encapsulates the capabilities of the robotic team,
individual robots, robotic roles, skills, and behaviours. SESAME develops novel and reusable capabilities that
reinforce MRS robustness deployable across many different MRS missions. These capabilities are incorporated
in the SESAME knowledge base. Figure 4 describes the high-level conceptual representation of the MRS
specifications in terms of mission and robotic capabilities, skills, roles, and behaviors. The mission-level (see
Section 3.1) and robotic-level capabilities (see Section 3.2) are represented in orange circles, skills (see Section
3.3) in grey circles, roles (see Section 3.4) in blue circles, behaviours (see Section 3.5) in brown circles, and
the relationships are represented in directed arrows.

Figure 4: Specification of Multi-Robot Systems - Capabilities (Orange), Skills (Grey), Roles (Blue), Behaviours (Brown).

Table 1 represents the skill matrix, which defines the robot skills evaluation matrix based on key capabili-
ties, associated roles, key components (sensors, software, hardware), and robotic behaviors for the various use
cases. It is the key part of the stratagem. Scales (5∗: Excellent; 1∗: Poor) in the matrix indicate the capability
of the system to develop to execute a skill. The skill matrix can be relatively simple, depending on the cus-
tomer requirements from the stratagem (see Section 4) methodology and the resulting system to develop. The
advantage of having a skill matrix is the ability to implement the system’s functionality in a step-wise manner.
Doing so increases the timeliness and cost estimation reliability of the development process.

The following sources were used as inputs to the robot skills evaluation matrix based on key capabilities:

• Domain experts: People with extensive knowledge of robotic-level and mission-level complex systems
and experienced users of these systems [34], [35], [36], [37], [38].

• Domain literature: Articles, papers, and evaluations of many different multi-robot systems [33], [39],
[40], [41], [42], [43], [44], [45], [46], [47], [48], [49], [50], [51], [52], [53].

The ranking should be consider as something dynamic. This means that the table should be updated as the
TRL of the different technologies increases. As it was stated before, the values of the table will be populated
by domain experts and robotic manufacturers according with the performance of the robotics executing the
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different capabilities. In general, this skill aims to capture how good the robots are performing an specific
operation.

Using the skill matrix (see Section 5), the engineer derives the system requirements (see Section 4) including
functional and non-functional requirements, as well as functional safety and security requirements by meet-
ing the customer’s need. The system specification is represented by executable scenarios, which include the
nominal behaviour of the use case, system boundaries, and logical scenarios (to be specified in WP3).

Table 1: Evaluation of Robot Skills based on Capabilities (5: Excellent, 1: Poor).

Skill-Based Capability Matrix

Robot
Skills

Key
Capabilities

Associated
Role

Key
Component

Robot
Type

AGV UAV Robotic Arm

Mapping
Mobility
Vision Mapper

Perception
Mapping
Localization
Control

3 5 1

Detection Vision Detector Perception 4 2.5 5

Tracking
Mobility
Vision Tracker

Perception
Control 3 4 2

Manipulation
Mobility
Grasp
Vision

Manipulator

Perception
Localization
Manipulation
Control

3 2 5

Stacking
Mobility
Grasp
Vision

Stacker

Perception
Localization
Stacking
Control

3 2 5

Inspection
Mobility
Vision Monitor

Perception
Mapping
Localization
Inspection
Control

3.5 5 2

Spraying
Mobility
Vision Sprayer

Perception
Localization
Spraying
Control

3.5 5 1

Disinfection
Mobility
Vision Monitor

Perception
Localization
Disinfection
Control

5 2 1

3.1 Team-Level Capabilities

The SESAME project provides three types of capabilities at the robotic team (or MRS) level, i.e., collaborative
perception and sensor fusion, perception-aware trajectory planning, and collaborative intelligence.
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3.1.1 Collaborative Perception and Sensor Fusion

A collaborative perception for MRS uses multiple robots acting as viewpoints to improve and gather knowledge
about the real environment. The knowledge could be in terms of obstacles, other robots, potential hazards or
threats, and uncertainties exist in the environment. Collaborative MRS application scenarios require a rich,
consistent and accurate understanding of the environment and robot state. While single robots frequently suffer
from sensor limitations (e.g., range, occlusion), robotic teams can combine multiple observations and share
their results. Therefore, the idea is to collect and fuse the sensor information from multiple robots using their
individual perception capability, in order to improve the overall perception information of the environment.
A single robot’s situational awareness, as well as that of other robots, can be significantly improved with
such accumulated perceptual skills. To exhibit the capability of perception, the robots need the on-board
sensors such as internal sensors and external sensors, where the internal sensors include odometers, inertial
navigation, and global positioning systems to determine the speed, position, and direction of the robot in
the environment. On the other hand, the external sensors include infrared, laser, and vision, used to sense
surrounding information, to extract the adequate feature information within the environment for processing
and analysis, and finally to establish the environment model.

Perception is the primary capability enabling robots to reason and make decisions. Incomplete or unreliable in-
formation from perception components, e.g., due to failed sensors or limitations in their field of view, reduces
significantly the ability of a robot to complete its mission successfully. MRS can mitigate this risk by fus-
ing fragmented or partially correct information from robotic team members to collaboratively compose a more
accurate representation of the environment, thus, supporting reliable reasoning and better decision-making.
However, existing solutions for multi-source perception based on conventional computer vision techniques
are overly resource-intensive, making them unfit for the processing capabilities of robots. Also, available
perception solutions in robots lack precision and robustness due to inexact approximations and unrealistic
simplifications. SESAME project aims to develop novel collaborative perception capabilities underpinned by
robust object detection and pose estimation methods for localization and task execution, respectively, coupled
with lightweight sensor fusion methods to accommodate the high uncertainty of sensor components. These
capabilities will be variability-aware and fuse information from on-board sensors or peers based on runtime
conditions, e.g., using RGB-D based cameras for moving objects to get detection information faster and with
higher accuracy. Building on recent advances in deep learning and statistical machine learning, the perception
capabilities will enable reasoning about the uncertainty of provided information, including real-time assess-
ment of collected data, contributing to improved scene understanding.

3.1.2 Perception-Aware Trajectory Planning and Tracking

In this section, trajectory planner and tracker capabilities are introduced. Accordingly, the use cases should opt
and specify components for the respective practice. Therefore, we tackle this as generic as possible.

Trajectory planning is one of the most important capabilities of SESAME to be addressed, i.e., to find an op-
timal path to the destination for high mobility of MRS [54]. Consequently, optimal decisions need to be taken
for various mission-critical operations [55]. Accordingly, the trajectory can be defined as “a time parameter-
ized motion reference, i.e., geometric values of position, heading, derivatives associated with time law, passing
through the waypoints”. One of the main objectives is to integrate perception-awareness into MRS trajectory
planning, i.e., the construction of the trajectory on which the perception metric is incorporated [44], [56]. On
the other hand, one of the main features of the trajectory planner is collision avoidance with other obstacles,
humans, and other robots. These, generally, can be titled as static and dynamic obstacles [56]. So, we imple-
ment the updated information of the obstacles into the proposed planner. Furthermore, perception-awareness
and safety/security are to be considered in the planning. Our main task falls at the planning level that we are
going to address the above-mentioned aspects on versatile of MRS tasks. Another distinct feature to be imple-
mented is the concept of situational awareness. This may include localization, geometric mapping, semantic
mapping, obstacle detection and tracking, etc. So, we take into account the mathematical relation between
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perception, sensing, and corresponding actions that MRS take. Indeed, it can be stated as collaborative and
perception-aware trajectory planning, which minimizes environmental uncertainty by using data provided by
other robots in a team combined with data collected by the perception components of the robot.

In addition to the trajectory planning, one significant capability is the trajectory tracking control, i.e., the design
of the control commands to make the MRS be stable as well as to track the trajectory as close as possible [56].
The tracking task satisfies the desired position, velocity and orientation while fulfilling the given task. This
can be defined as controlling the MRS to track the planned trajectory as close as possible. Also, the issue
of stability is to be addressed. The latter is significant considering the model uncertainty. More importantly,
the aspect we address is the structural design of planning and tracking parts, if we address and design them
separately or simultaneously, considering the priority. This implies another preliminary step to be taken, as
“the general planning and tracking structural scheme, for the given MRS and use-cases, addressing the parts
to be (de)centralized and on/offline”.

Finally, within the framework of autonomous robotic systems, the features of safety and security are vital.
However, considering the available literature, the devised approaches are mainly stemmed from the corre-
sponding definitions of safety and security, i.e., the definition implies the corresponding solution. The security
can be the resilience of the solution to unauthorized access to communication channels. On the other hand, the
safety can be interpreted as tolerance against a family of faults, avoidance from a given area, restriction of MRS
states, and safely bound on the tracking drift. Cumulatively, we present the solution as reliable autonomous
robotic systems with quality assurance, risk assessment and trust level [57], [58], [59], [60], [61], [62], [63].

3.1.3 Collaborative Intelligence

In addition to the above MRS capabilities, collaborative intelligence is another necessary mission-level robotic
capability enabling the decomposition of complex tasks into smaller tasks manageable by individual robots,
creating coalitions within an MRS, and task redistribution between team members. However, existing collab-
orative intelligence methods have limited applicability since they assume that the current knowledge of the
MRS and the operating environment is sufficient to produce an optimal plan. SESAME aims at relaxing these
assumptions using an experience-based planning method that extracts knowledge from previous similar plans
by analyzing the divergence between the expected and actual plans and identifying potential sources for these
deviations. Incorporating the extracted knowledge and the uncertainty experienced during plan executions into
the planning process will enable the robotic team to jointly make better decisions and avoid highly sensitive
plans that could put the mission at risk.

3.2 Robotic-Level Capabilities

The SESAME project provides three types of capabilities at the robotic level (or individual robots), i.e., mo-
bility, grasp, and vision.

3.2.1 Mobility

Robots can have the mobility capability to move around in their environment and are not fixed to one physical
location [64]. In the context of SESAME use cases, the following classes of mobility robots can be used:

• Fly (UAV)
• Ground Movement (AGV/Robotic Arm)

For example, the power station inspection use case has two operation modes, the normal operation mode, and
the emergency operation mode, with different requirements. Normal operation mode is when no emergency
event happens, but the power station needs to be inspected regularly for any anomaly detection. On the other
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hand, during a fire event in Battery Innovation Center there is a requirement for a robot such as an Automated
Guided Vehicle (AGV) with ground movement to transport the affected battery as soon as possible. An event
such as an earthquake, tsunami, fire, or explosion occurs in the emergency operation mode. This operation has
more strict requirements in the flying capability of the robot, such as an Unmanned Aerial Vehicle (UAV), and
it is critical.

To exhibit the capability of flying or ground movement in the normal and emergency operation mode, the robot
always depends on perception, mapping, localization, navigation, and control components.

3.2.2 Grasp

A robot’s grasping capability is a key function to pick up and manipulate an object that helps people with
complicated tasks. In order to provide daily support by using humanoid hands and arms, robots must have the
ability to grasp a variety of unseen objects in human environments [65].

For example, within the Battery Innovation Centre (BIC) use case, robotic arms and AGVs capability during
the production of high-voltage batteries (up to 800V). In particular, each robotic arm is mounted on a fixed
station and takes part in the multi-step battery production process, including cell stacking, cell gluing, laser
welding, and assembly. Although the use of the robotic team automates the battery production process, the
production site for high voltage traction battery modules and packs is faced with the hazard of a thermal event
of Li-Ion battery cells. Thermal camera sensors available within the BIC can detect the thermal event and
trigger basic mitigation protocols under which the robotic arms and AGVs must change their working setting
and collaborate to handle the burning Li-Ion cells. The aim is to get the burning hazardous material on the
fastest way out of the production hall to the next safety zone to ensure the safety of workers and machines.
Failing to dispose of the burning material safely or in time may have catastrophic consequences.

To exhibit the capability of grasping an object using a robotic arm, the robot always depends on perception,
mapping, localization, navigation, and control components.

3.2.3 Vision

Vision refers to the capability of a robot to visually perceive the environment and use this information for the
execution of various tasks [66]. Visual feedback enables robots to interact with the environment in various
ways. In some cases, visual feedback is used for navigation and obstacle avoidance, while more complex
examples include interaction with the user and manipulating objects. The simplest interaction between a robot
and an object may be to, for example, push an object to retrieve information about the size or weight of the
object. Here, simple visual cues providing approximate 3D position of the object may be sufficient. A more
complex interaction may be to grasp the object to gain physical control over the object. Once the robot has the
object in its hand, it can perform further actions, such as examining it from other views. Information obtained
during interaction can update the robot’s representations of objects and the world.

In the viticulture use case, the UAV must constantly monitor the environment and react autonomously when
specific objects are detected in autonomous pest management.

To exhibit the capability of vision, the robot always depends on the camera sensor, object detection, and object
tracking components.

3.3 Robot Skills

Skill defines how good a robot is while performing a specific role or capability. Skills enable tasks to become
independent of the actual realization in components. A collection of skills is required for the robot to do a
specific task. A component often implements a certain skill, but skills might also be realized by multiple
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components. For example, a monitor robot in autonomous pest management requires perception, mapping,
localization, navigation, inspection, and control components.

3.3.1 Mapping

A robotic mapping skill is to be able to construct a map and localize itself. Mapping in robotics is the procedure
of creating a representation of the surrounding environment. To do that, a robot would use a variety of onboard
sensors, like laser scanners, cameras, etc.

In the viticulture use case, a digital copy of the complete system of vineyards needs to be established and
kept updated during the vegetative period of the year for autonomous mission planning. This digital vineyard
includes datasets such as a high-resolution 3D model of the vineyard, including digital 3D vine models and
plant physiology.

To exhibit the mapping skill, the UAV needs to carry visual and laser sensors to perceive the environment and
collect the point clouds of the vineyard.

3.3.2 Detection

An object detection skill is identifying and locating all the obstacles in an environment.

In the viticulture use case, the UAV must constantly monitor the environment.

The UAV needs to carry visual sensors and object detection components to perceive the environment to exhibit
object detection skills.

3.3.3 Tracking

An object tracking skill is looking at particular moving objects in real-time.

In the viticulture use case, the UAV must constantly monitor the environment and react autonomously when
specific objects are detected.

The UAV needs to carry visual sensors and object tracking components to perceive the environment to exhibit
object tracking skills.

3.3.4 Manipulation

Robotic manipulation skill refers to the ways robots interact with the objects around them: grasping an object
and packing an order into a box.

For example, within the BIC use case, robotic arms and AGVs are used to get the burning hazardous material
on the fastest way out of the production hall to the following safety zone to ensure the safety of workers and
machines. Failing to dispose of the burning material safely or in time may have catastrophic consequences.

The robot always depends on perception, mapping, localization, navigation, manipulation, and control compo-
nents to exhibit the manipulation skill.

3.3.5 Stacking

A robotic stacking skill is to pick up an object stacking on top of another object.

For example, within the Battery Innovation Centre, robotic arms and AGVs collaborate during the production
of high-voltage batteries (up to 800V). In particular, each robotic arm is mounted on a fixed station and takes
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part in the multi-step battery production process that includes cell stacking, cell gluing, laser welding, and
assembly.

A robot requires a robotic arm and perception, mapping, localization, navigation, stacking, and control, includ-
ing interacting with different kinds of objects, to exhibit stacking skills.

3.3.6 Inspection

A robotic inspection skill is to perform flaw or failure detection in a mission.

In the viticulture use case, the UAVs need to be deployed for real-time monitoring, surveillance, and coordina-
tion for data collection and spraying missions. These UAVs need to fly at least the same time that the spraying
UAV to monitor the whole mission without being a bottleneck.

To exhibit these missions, the UAVs need to carry visual and laser sensors to perceive the environment, map-
ping, localization, navigation, inspection, and control components to evaluate the state of the mission.

3.3.7 Spraying

A robotic spraying skill is to navigate towards an infection hotspot and apply a predefined rate of fungicides.

In the viticulture use case, UAV needs to navigate towards an infection hotspot and apply a predefined variable
rate of fungicides. This rate can vary depending on the grade of infection. Therefore, high importance is set
on the adequate amount of fungicide applied to a specific hotspot.

The spraying UAV needs exact positioning accuracy to maintain a low but constant distance to the vines,
mapping, localization, navigation, spraying, and control components to exhibit spraying skill. The efficiency
and security of the fungicide spraying rely on high positioning accuracy, for example, due to the loss of RTK
correction data.

3.3.8 Disinfection

Disinfection is an essential concern in-hospital care. In the disinfecting hospital environments using robotic
teams use case, KELO ARODIS is a fully autonomous fleet of robots for disinfection of contact surfaces and
aerosols. Ultraviolet-C (UV-C) is a known method to disinfect surfaces. Thus, the UV-C robot carries six
256nm UV-C lamps and autonomously moves to the surfaces to be disinfected. However, UV-C light imposes
some risks for humans. In order to ensure that persons are not over-exposed with the maximum daily dose,
a person detection system is installed. Once a person has detected the lamps turn off. Target customers are
hospitals, public infrastructures like universities, trade fairs, and airports. They all have in common that they
are either system-relevant public facilities or provide large buildings for people.

The disinfection robot depends on perception, mapping, localization, navigation, disinfection, and control
components to exhibit the disinfection skill.

3.4 Robot Roles

A role is a specific task or activity associated with someone (individual or team). Someone that takes a partic-
ular role typically is an expert in a particular field (e.g., object recognition). It is associated with specific tasks,
duties, rights, and permissions which do not overlap with other roles. A role has a specific view of the system
at an adequate abstraction level using relevant elements only. A role is responsible for supplying a part of the
system. “Role” in the sense of a participant of the system.
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3.4.1 Detector

A robot’s detector role is to detect and provide the classification of objects.

In the viticulture use case, the UAVs need to take flight for at least the same time as the data collection and
spraying drone to monitor the whole mission without being a bottleneck. In the Battery Innovation Centre use
case, the two robot arms work together to lift an object. To this end, the robots need the detect and classify the
manipulated object.

The robot must carry visual sensors and object detection components to detect the other robots in the mission
and exhibit the detector role.

3.4.2 Tracker

A robot’s tracker role is to track the objects and provide the pose and velocity of objects.

In the viticulture use case, the UAVs need to take flight for at least the same time as the data collection and
spraying drone to track the whole mission without being a bottleneck. In the Battery Innovation Centre use
case, the two robot arms work together to lift an object. To this end, the robots need the 3D pose of the
manipulated object.

The robot must carry visual sensors and object tracking components to track the other robots in the mission
and exhibit the tracker role.

3.4.3 Mapper

A robot’s mapper role is to construct a map and localize itself. The robotic mapping acquires a spatial model of
a robot’s environment. Maps are commonly used for robot navigation. To acquire a map, robots must possess
sensors that enable it to perceive the outside world. Sensors commonly brought to bear for this task include
cameras, range finders using sonar, laser, and GPS.

In the viticulture use case, a digital copy of the complete system of vineyards needs to be established and
kept updated during the vegetative period of the year for autonomous mission planning. This digital vineyard
includes data sets such as a high-resolution 3D model of the vineyard, including digital 3D vine models and
plant physiology.

The robot needs to carry visual and laser sensors to perceive the environment and acquire a vineyard map to
exhibit the mapper role.

3.4.4 Monitor

A robot’s monitor role is to monitor the state of the mission (data acquisition and spraying tasks) and the area
of interest to detect obstacles for safety and security reasons.

In the viticulture use case, a monitor robot in autonomous pest management plays a monitor role to observe
the mission and environment.

The robot needs to carry visual sensors to perceive the environment and localization, navigation, monitor, and
control components to exhibit a monitor role.

3.5 Robotic Behaviors

The level of autonomy of robotic systems dictates the humans required to operate them and the complexity and
adaptability of the system. Full autonomy in real-world situations is currently challenging to apply in actual
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use cases. However, there is a strong preference for semi-autonomous behaviors, rather than complete manual
control, to reduce the attentional load on the operator or allow them to multitask or operate multiple systems
simultaneously. However, it is considered essential to have humans in the loop to guide the robot’s behaviors
on tasks that typically evolve dynamically during the mission.

3.5.1 Autonomous

A robot’s autonomous behavior is to make decisions (in response to external inputs) that are made within the
robot system and do not involve human decision-making [67]. Autonomous robots can accomplish complex
objectives on their own without humans. They use sensors to perceive the environment around them and then
apply decision-making to take the optimal next step based on their data and mission. Autonomous robots
are generally mobile and can therefore move around on their own. Like all other mobile robots, autonomous
robots come in many different forms — from flying drones to ground-based robots to water-based and even
underwater machines. However, autonomous robots must have some kind of monitoring and direct human
control in case of an emergency.

In the viticulture use case, the robot needs to operate autonomously beyond the visual line of sight during op-
eration to overcome any obstacles that might appear. The robot depends on perception, mapping, localization,
navigation, and control components to exhibit autonomous behavior.

3.5.2 Semi-autonomous

A robot’s semi-autonomous behavior is to make decisions (in response to external inputs) during operation, but
a human is involved in some of this process and provides some direct control [67]. The human user is typically
not involved in a semi-autonomous robot system unless necessary, unlike the shared system control between
the computer and the human user in a semi-autonomous robot system.

In security management of MRS-based Assembly Lines use case, Gearbox (GB) infeed from upstream assem-
bly line via workpiece carrier, Robot 1 takes GB from infeed and goes to sealant application. Afterward, drop
GB on the Rotary Indexing Table (RIT) for operator workbench manual tasks. Upon completion, the opera-
tor leaves the safety zone, RIT clocks into the station, and robot 1 brings GB to RIT for secondary robots. The
first position of RIT includes tightening of front panel bolt via double nutrunner, the second position includes
stud setting by nutrunner. Infeed of studs from the auxiliary part feeder. After stud setting, Robot 1 takes GB
from RIT and drops it on the second operator workbench RIT for manual tasks. When the finished operator
leaves the safety area again for RIT to turn and Robot 1 to pick up a part and deliver to workpiece carrier on
outfeed to the downstream machine.

The robot depends on an operator to perform manual tasks along with perception, mapping, localization,
navigation, disinfection, and control components to exhibit semi-autonomous behavior.

3.5.3 Manual

A robot’s manual behavior is to make decisions (in response to external inputs) during operation, but a human
is involved in the complete process and provides direct control.

In the viticulture use case, the first set of UAVs used to monitor and collect high-quality multi-spectral images
and 3D data from vineyards. This data will be analyzed, with minimal human interaction, to establish the
physiology of individual vines and identify areas where fungicide should be applied, leading to the generation
of an autonomous fungicide spraying mission for the robotic team.
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4 Proposed Stratagem Concept and Methodology

This section describes the concept and methodology of stratagem with a sequence of steps on how a robotics
engineer can select a robot according to the required capabilities, roles, and skills for an MRS mission-specific
task. To this end, we use the stakeholders introduced in Section 4.1 to discuss how the stratagem concept
support stakeholders to perform their tasks. We also discuss how stratagem concept and methodology works
towards robotic or MRS mission configuration needs and how stakeholders play a role in them in Section 4.2
and 4.3.

4.1 Stakeholders

A stakeholder is an individual or organization having a right, share, claim, or interest in a system or in its pos-
session of characteristics that meet their needs and expectations [68]. From the stratagem concept perspective,
the main stakeholders in the SESAME project are as follows:

• Robotic engineer: The robotic engineer is responsible for specifying and configuring the hardware,
software, and required capabilities using stratagem and closely interacts with the safety and security
engineers.

• Domain experts: People with extensive knowledge of robotic-level and mission-level complex systems
and experienced users of these systems.

• Domain literature: Domain literature contains information on multi-robot systems from articles, pa-
pers, thesis, and evaluations of various multi-robot systems.

• Knowledge base: A knowledge base entity contains reusable components with robust robotic-level and
mission-level capabilities. These robust capabilities are derived from the domain experts or domain
literature, which allow composing independent robotic missions and collaborative MRS missions.

• Safety engineer: The safety engineer is responsible for defining safety-related system aspects and
closely interacts with the robotics engineer.

• Security engineer: The security engineer is responsible for defining security-related system aspects and
closely interacts with the robotics engineer.

4.2 Stratagem Concept

An essential component of ExSce is the stratagem that encapsulates the robotic team’s capabilities and in-
dividual robots. Stratagem concept enables novel and reusable capabilities that reinforce MRS robustness
deployable across a large variety of different MRS missions. Models of these capabilities are incorporated
in the SESAME knowledge base. They can be used for the specification of ExSce and transformation into
executable models for simulation or the real MRS.

4.3 Stratagem Methodology

The stratagem enables engineers to specify and configure the hardware, software, and required capabilities.
Using stratagems, engineers can select the robot and its onboard sensors based on robot capabilities, skills,
roles, and behaviors by following Table 1 for the various use cases in the SESAME project.

The concept of stratagem methodology presented in Figure 5 has main steps that are performed sequentially
and iteratively. This concept supports two distinct types of configurations. In the first case, the stratagem
facilitates the configuration of robotic-level mission scenarios. In the second case, the stratagem supports the
configuration of collaborative mission-level scenarios.
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Figure 5: Stratagem Concept to Compose Missions or Collaborative MRS Missions.
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4.3.1 Step 1: Select the MRS Use Case

The robotics engineer selects any one of the following MRS use cases to apply the stratagem concept in the
SESAME project:

• Use Case 1: Dependable Multi-Robot Systems in Battery Innovation Centre
• Use Case 2: Disinfecting Hospital Environments using Robotic Teams
• Use Case 3: Power Station Inspection using Autonomous Multi-Robot Systems
• Use Case 4: Autonomous Pest Management in Viticulture
• Use Case 5: Security Management of MRS-Based Assembly Lines

4.3.2 Step 2: Identify the Use Case Operational Scenario

The robotics engineer identifies the operational context of the use case using the operational scenario for differ-
ent modes of operation based on the knowledge base. A knowledge base entity contains reusable components
with robust robotic-level and mission-level capabilities. These robust capabilities are derived from the domain
experts or domain literature, which allow composing independent robotic missions and collaborative MRS
missions.

4.3.3 Step 3: Specify the High-level System Requirements

The operational scenarios in terms of capabilities are transformed into high-level system requirements.

4.3.4 Step 3a: Specify the Functional Requirements and Non-Functional Requirements

The high-level system requirements are transformed into a set of functional, non-functional, safety, and se-
curity requirements. The functional requirements are transformed into a functional architecture identifying
the functional hierarchy, functional behavior, and functional interfaces. The non-functional requirements are
transformed into a set of quality attributes, for example, usability, reliability, performance, and supportability.

4.3.5 Step 3b: Specify the Security and Safety Requirements

The high-level system requirements are also transformed into functional safety and security requirements. The
safety engineer is responsible for defining safety-related system aspects and closely interacts with the robotics
engineer. The security engineer is responsible for defining security-related system aspects and closely interacts
with the robotics engineer.

4.3.6 Step 4: Select the Robotic Behaviour

The robotics engineer selects the robotic behavior based on operational scenarios, high-level requirements,
and knowledge base (see Section 3.5):

• Autonomous
• Semi-autonomous
• Manual
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4.3.7 Step 5: Select the Robotic Role

The robotics engineer selects the robotic role based on operational scenarios, high-level requirements, behav-
iors, and knowledge base (see Section 3.4):

• Mapper
• Sprayer
• Monitor

4.3.8 Step 6: Select the Robotic Skill

The robotics engineer selects the robotic skill based on operational scenarios, high-level requirements, behav-
iors, robotic roles, capabilities (sensors/software components), and knowledge base (see Section 3.3):

• Mapping
• Tracking
• Manipulation
• Stacking
• Inspection
• Spraying
• Disinfection

4.3.9 Step 7: Select the Robotic Capability

The robotics engineer selects the robotic capability based on its operational scenario (see Section 3.2).

• Mobility (Fly or Ground Movement)
• Grasp
• Vision

4.3.10 Step 8: Select the Robotic Type

The robotics engineer selects the robotic type based on its operational scenario and capabilities:

• AGV
• UAV
• Robotic Arm

4.3.11 Step 9: Compose Individual Robot Mission or Robotic Team (MRS) Mission

The robotics engineer creates the robotic-level mission (Non-MRS) or robotic team-level mission (MRS) for
the corresponding operational scenario using the above sequential steps.

4.3.12 Step 10: Do We Need Extra Collaborative Capabilities?

The robotics engineer checks for collaborative robotic team missions operational scenarios if any. If not, the
robotics engineer ends the stratagem methodology. If yes, the robotics engineer repeats this process from step
3 to perform the collaborative MRS mission using team-level capabilities (see Section 3.1):

• Collaborative perception and sensor fusion
• Perception-aware trajectory planning and tracking
• Collaborative intelligence
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5 A Case Study: Autonomous Pest Management in Viticulture

The following section describes the generic and application-specific architectural guidelines on composing
and configuring the robotic-level and MRS mission-level capabilities into a more specific application that
can instantiate for a diverse set of scenarios. We illustrate robotic-level and collaborative MRS mission-level
capabilities with an autonomous pest management use case that involves sets of robots operating in a dynamic
environment.

5.1 System Overview

In the context of SESAME, the MRS system in the autonomous pest management use case completes a mission
by collaborating UAVs with different tasks [69], is as shown in Figure 6.

Figure 6: Autonomous Pest Management System Overview [69].

The MRS has sufficient processing power to execute collaborative MRS capabilities with multiple onboard
sensors. The first set of UAVs is used to monitor and collect high-quality multi-spectral images and 3D data
from DKOX’s vineyards. With minimal human interaction, this data is analyzed to establish the physiology
of individual vines and identify areas where fungicide should be applied, leading to the generation of an
autonomous fungicide spraying mission for the robotic team. The autonomous fungicide spraying mission
employs Aero41’s AGv2 UAVs, equipped with its proprietary flight control system and pesticide spraying
capabilities, and UAVs from the University of Luxembourg (UL), including customized versions of DJI Matrice
600 and DJI Matrice 210.

5.2 Research Goals

In order to perform autonomous pest management, the following research goals need to be achieved:
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5.2.1 Goal G1: Operationalization of the Robot-based Data Analysis

An intelligent workflow has strived for data acquisition to operationalize the robot-based data analysis. For
example, a map of potential risk areas is produced after a small-scale data collection over large areas. This
map is used by specially equipped robots that autonomously perform a locally focussed in-depth analysis to
detect specific stressors within the vineyards.

5.2.2 Goal G2: Optimal Fungicide Spraying Operation

Reduce fungicide spraying by 30%, contributing to environmental preservation. Optimal fungicide spraying
will be achieved by combining LXSNS’s algorithms for enhanced mapping and plant physiology identification
at vine level with the novel MRS capabilities for sensor fusion and perception-aware trajectory planning.

5.2.3 Goal G3: Increase Productivity of Pest Management

Compared to using a tractor or a single UAV for pest management, increase productivity by 60% and 30%,
respectively.

5.2.4 Goal G4: Extract and Use ExSce Templates in Vineyards

Using ExSce to model the fungicide spraying mission enables not only to capture environment and mission
characteristics but also to extract and use ExSce templates in vineyards with different ground morphology but
whose characteristics resemble the scenarios captured by those templates.

5.2.5 Goal G5: Reduce Operating Costs of Pest Management

Reduce operating costs by 40% by reducing human involvement to the absolute minimum.

5.2.6 Goal G6: Safety and Security Models

Using EDDI to instrument the UAV team with safety and security models enables the team to anticipate po-
tential malfunctions or external attacks and initiate mitigation actions to bring the affected robot to a safe
stop.

5.3 REQ 1.0: System Requirements

The use case partner needs to define the services that the system user expects in terms of system requirements,
not how the system meets these requirements. The Requirements Diagram captures the use case partner needs
in terms of system requirements such as functional, non-functional, safety, and security requirements, shown
in Figure 7. A requirement diagram is a diagram to show requirements and the relationship among require-
ments. We specified categories (functional, non-functional, safety, and security) and identification numbers
(1.0, 1.1, 1.2, 1.3) for each requirement. A satisfy relationship is a dependency between two requirements in a
requirement diagram that can be derived from the high-level requirement.
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Figure 7: High-Level System Requirements Diagram of Autonomous Pest Management System.

5.3.1 REQ 1.1: Functional Requirements

The most important functional requirements of the autonomous pest management use case are (see Figure 8):

1. REQ 1.1.1: Creation and Maintenance of Digital Vineyards

Based on available geodata datasets or robot-based data collection, an initial digital representation of
the vineyards are set up. The included datasets include, among others, a digital elevation model and
vine inventory. The vine inventory contains characteristics such as exact XY positioning, plant age,
plant breed, and soil characteristics. During the vegetative period of the year, this digital vineyard will
be completed by plant physiological characteristics and updated. The digital vineyard is set up and
maintained in a relational database management system accessible through a Python-based interface.

2. REQ 1.1.2: Surveillance

UAVs are deployed for real-time monitoring, surveillance, and coordination purposes for both missions
(data collection and spraying). These UAVs should be able to take flight for at least the same time as
the spraying drone to monitor the whole mission without being a bottleneck. In addition, it will carry
visual and laser sensors to perceive the environment and evaluate the state of the mission.

3. REQ 1.1.3: Data Collection

Different types of sensors need to be flown in the area of interest (AOI). Besides simple RGB cameras,
highly specialized sensors such as high point density LiDAR scanners, 5-10 band multispectral cameras,
and thermal cameras need to be carried by MRS. Every sensor type has its own flight parameter require-
ments such as altitude, inter-line distance, speed, adequate environmental conditions. Synchronized to
UAV-based data collections, many side parameters need to be collected in order to derive, calibrate and
validate various data products. These side parameters include temperature and humidity, spectroscopy
of reference targets and incoming light, incoming light intensity, and cloud cover. This IoT-based setup
needs to transmit the data packages autonomously to a cloud-based database.

4. REQ 1.1.4: Data Processing and Disease or Stress Detection
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Raw data collected by MRS need to be transferred to a computational infrastructure to perform data
pre-processing and data analysis. Data pre-processing includes orthorectification of FPA based camera
systems and data fusion of IMU and GPS data streams. Once the data is processed up to calibrated
continuous spatial data, vegetation analysis is performed using classification algorithms such as CNN,
Support Vector Machines, and Random Forest classifiers. The goal consists of evaluating every vine in
terms of plant health, physiology, and stress.

5. REQ 1.1.5: Mission Planning

Autonomous mission planning holds the biggest potential in optimizing automated pest management
in terms of efficiency and sustainability. A detailed digital vineyard allows the definition of an optimal
mission: i) In-depth data collection for stress type discrimination requires complex sensors and time-
consuming data analysis. A smart mission planning foresees only collecting data on spatial subsets
of high probability infections, and ii) Once the infected vines are detected, the mission for fungicide
spraying needs only to cover the subset of infected vines and not the whole vineyard.

6. REQ 1.1.6: Collision Avoidance

MRS need to constantly monitor the environment and react autonomously when specific objects are
detected: i) When detecting obstacles within the flight path, the robots should decide on an optimal
object bypass, and ii) During a failsafe operation, the mission should abort and Return To Home (RTH)
based on previously collected known points, free of obstacles, to quickly return to land.

7. REQ 1.1.7: Fungicide Spraying

During fungicide spraying operation, the robot needs to navigate towards an infection hotspot and apply
a predefined variable rate of fungicides. This rate should vary depending on the grade of infection.
Therefore, high importance is set on the adequate amount of fungicide applied to a specific hotspot.
To this end, the spraying UAV needs very precise positioning accuracy in order to maintain a low but
constant distance to the vines. As the efficiency and security of the fungicide spraying rely on high
positioning accuracy, a fall-back system should be implemented in case of loss of positioning accuracy,
e.g. due to loss or RTK correction data.

Figure 8: Functional Requirements Diagram of Autonomous Pest Management System.

5.3.2 REQ 1.2: Non-Functional Requirements

The most essential non-functional requirements of autonomous pest management are (see Figure 9):
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1. REQ 1.2.1: Usability

Autonomous robots need to coordinate different tasks within data collection, data processing, decision
making, and vine management tasks. This should optimize the complete workflow for winemakers and
require (none or) only minimal human interaction.

2. REQ 1.2.2: Reliability

As the MRS are deployed in vineyards and not in a controlled environment, all the procedures need to be
independent of varying meteorological conditions (e.g., significant changes in temperature and pressure,
dust, precipitation). Although spraying is not permitted during high wind velocities or turbulence,
increases in wind speed or turbulences must be considered during UAV roll-out. High wind velocities or
turbulences have a high potential for security risks (e.g., UAV loss or wind drift when applying chemical
compounds).

3. REQ 1.2.3: Performance

As the ideal workflow foresees locally adapted vine management tasks executed by autonomous MRS
based on an analysis of data collected by other autonomous MRS, high demands are set on the accuracy
of the robot localization. A robot localization accuracy of 2-3 cm (XY) and 5 cm (Z) is required in a
national or global coordinate reference system (CRS).

4. REQ 1.2.4: Supportability

Precision agriculture, or more specifically precision viticulture is based on optimizing the complete
agricultural system, increasing crop quality and crop yield while reducing the environmental footprint
of agriculture. Emerging technologies, such as geospatial technologies, the Internet of Things (IoT),
Big Data analysis, and artificial intelligence (AI), are considered to bring a huge potential in analyzing
an agricultural system in all necessary detail. To this end, a lot of data is needed to describe the subject
in the required level of detail. Remote sensing techniques allow the collection of data in a high temporal
and spatial resolution and available shortly after data collection. The data collection can be understood
as a multilayer process in which different sensors are used to collect the different types of needed data.
To gather a more “general overview” of the area of interest (AOI) some sensors are foreseen to cover
the complete AOI. In the case of a suspect hotspot (e.g., with a high risk of infection), other, more
specific sensors are sent to these subsets in order to collect data for an in-depth analysis. All of these
data acquisition tasks should/could be distributed on MRS in order to increase area/time efficiency,
In addition, for safety and security reasons, all the data acquisition and spraying tasks are framed by
“observing” robot systems. These robot systems monitor the MRS (e.g., position, speed, etc.) and the
AOI in order to detect obstacles (e.g., people, trees, air traffic, etc.).

5.3.3 REQ 1.3: Safety and Security Requirements

The multi-robot systems foreseen in this use case bring a high potential of danger due to the fact of using mid-
sized UAVs (5-50 kg) that can carry significant quantities of chemical compounds. In addition, the systems
should operate autonomously beyond the visual line of sight so that no operator is able to intervene in case of
an incident. Examples of hazardous situations are the failure of the UAV to detect a blocking obstacle (collision
avoidance). This failure leads to undesired spraying (recognition of human beings or animals, loss of control
due to a cyber-attack, UAV crossing the boundaries of the plot).

The safety and security of these systems need to be guaranteed for the following potential risks requirements
(see Figure 10):

1. REQ 1.3.1: Blocking Objects
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Figure 9: Non-Functional Requirements Diagram of Autonomous Pest Management System.

The MRS need to constantly monitor the environment to detect blocking objects, such as birds, humans,
cars, and vegetation. If the MRS detects blocking objects within the flight path, the robots should decide
on an optimal object bypass or navigate around the objects. If it is impossible to bypass or navigate
around the objects, the robots should abort the mission and return home.

2. REQ 1.3.2: Spray Chemical Compounds

As it is foreseen that the MRS shall spray chemical compounds, it needs to be guaranteed that none will
get in contact with surfaces outside the area of interest.

3. REQ 1.3.3: High Wind Velocities or Turbulences

As the MRS are deployed in vineyards and not in a controlled environment, all the procedures need to be
independent of varying meteorological conditions (e.g., significant changes in temperature and pressure,
dust, precipitation). Although spraying is not permitted during high wind velocities or turbulence,
increases in wind speed or turbulences must be considered during UAV roll-out. High wind velocities or
turbulences have a high potential for security risks (e.g., UAV loss or wind drift when applying chemical
compounds).

5.4 Operational Scenarios

The above-explained research goals in Section 5.2 and system requirements in Section 5.3 are accomplished
by fulfilling the various operational scenarios, which are explained below:

5.4.1 Scenario S1: Autonomous mission planning

In order to optimize efficiency and indirectly the operating costs of autonomous pest management by MRS,
autonomous mission planning is required. To this end, a digital copy of the complete system of vineyards needs
to be established and kept updated during the vegetative period of the year. This digital vineyard includes
datasets such as a high-resolution 3D model of the vineyard, including digital 3D vine models and plant
physiology.
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Figure 10: Safety and Security Requirements Diagram of Autonomous Pest Management System.

Figure 11 provides a graphical representation of a digital vineyard. Note that every single vine is localized
based on its XYZ real-world coordinates [69]. The underlying relational database stores all the available and
collected data and is subjected to classification algorithms that estimate probabilities for various parameters
such as infection risk.

Figure 11: Graphic representation of a digital vineyard [69].

These high-resolution digital vineyards are used for smart autonomous planning. This operational scenario can
be divided into the following categories:
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1. Mission planning for continuous data collection: As the identification of a specific stressor requires
advanced sensors and advanced data analysis procedures, these should only be applied on hotspots with a
high probability of infection. To this end, data collection is run by a smart multiscale approach, limiting
the use of complex sensors on hotspots detected by more simple sensor systems. These hotspots are
planned to be derived from a summarizing data collection (on a tractor, spraying UAV or dedicated data
collection UAV). An in-depth data collection spatially limited to previously detected hotspots should
increase the efficiency of data collection and for fungicide spraying, too.

2. Mission planning for fungicide spraying: The efficiency of fungicide spraying depends among other
parameters on the localization precision of the spraying task. The precision in XY being obvious, the
precision in height is very important in order to achieve an optimal spraying result. To this end, a
constant height of 2.5 meters above the canopy should be constantly kept which is considered during
a smart mission planning considering the high-resolution terrain models and vine height data products.
Similar to the in-depth data collection, spraying should also only be applied on vines with a very high
probability of infection. Spraying tasks should considerably increase efficiency, when mission planning
only focuses on previously detected hotspots.

3. Mission planning in general: As this use case plans MRS being fully exposed to environmental condi-
tions, and time windows being highly variable due to meteorological conditions, the mission time should
be planned to be as short as possible. In general, a smart mission planning should foresee running mul-
tiple robots simultaneously when large missions need to be completed. Splitting the area of interest in
multiple subsets, each treated by a dedicated robot, allows reducing the mission duration significantly.

5.4.2 Scenario S2: Assessing security of surveillance

The system should operate autonomously beyond the visual line of sight so that no operator is able to intervene
in case of an incident. In this scenario, safety tools are monitored and assessed in the vineyards with a focus
on:

1. Object detection: Object detection within or in close proximity to the flight path, as well as in the area
of fungicide spraying (person, birds, vehicles, etc.).

2. Attack-proof: Protection against potential external cyber-attacks.

5.4.3 Scenario S3: Assessing interaction and coordination of surveillance and spraying

The MRS foreseen in this use case brings a high potential of danger due to the fact of using mid-sized UAVs
(5-50 kg) that can carry significant quantities of chemical compounds.

In this scenario, communication tools are monitored and assessed in the vineyards with a focus on:

1. Object detection and collision avoidance: Object detection and collision avoidance (person, birds,
plant, etc.).

2. Localisation accuracy: Localisation accuracy (staying within the bounding box), interaction, and co-
ordination between UAVs.

5.4.4 Scenario S4: Planning of fungicide spraying

Continuous data collection is expected to allow for the precise planning of fungicide spraying. This, in turn,
will allow for a decrease of the average time to treat a target area. In addition, it is expected to reduce fungicide
spraying contributing also to environment preservation.
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Compared to using a tractor or a single UAV for pest management, one of the goals is to increase productivity
substantially.

5.4.5 Scenario S5: Assessing fungicide spraying

In this scenario, we will assess fungicide application in vineyards with a focus towards:

1. Precise treatment: Precise treatment (depending on variable weather conditions), and

2. Application quality: Application quality (homogenous vs. variable rate application of fungicides in
relation to the task to be executed).

5.5 Methodology Guidelines

The stratagem concept can be used as a generic methodology for engineers to specify and configure the hard-
ware, software, and required robotic capabilities for various use cases. The main goal of using stratagem
methodology with this use case is to create a set of generic and application-specific architectural guidelines on
how to compose and configure the MRS capabilities for a use case application that can be instantiated for a
diverse set of scenarios.

The stratagem concept and methodology presented in Section 4 has been applied to an autonomous pest man-
agement use case to perform robotic missions and collaborative MRS missions such as data collection, mission
planning, surveillance, and spraying operations (see Table 2).

Table 2: Scenarios were derived from autonomous pest management use case.

ID Scenarios Description

Scenario 1 Autonomous mission planning Continuous data collection
Scenario 2 Assessing surveillance security Safety and security are monitored
Scenario 3 Assessing coordination interaction Communication tools are monitored
Scenario 4 Planning of fungicide spraying Spraying fungicide in vineyard
Scenario 5 Assessing fungicide spraying Fungicide operation is monitored

This methodology supports two distinct types of configurations. In the first case, the stratagem facilitates the
configuration of robotic mission scenarios (data collection and fungicide spraying) (see Section 5.6 for more
details). In the second case, the stratagem configures collaborative MRS mission scenarios by reusing existing
missions scenarios (data collection and fungicide spraying) combined and sequenced in new ways (monitor
the state of the mission) (see Section 5.7 for more details).

5.6 Compose Robotic Mission

Let us assume that robotic mission-level operational scenarios are required to perform the data collection
mission and fungicide spraying mission in an autonomous pest management use case. Figure 12 provides
a graphical representation of an autonomous mission planning for continuous data collection and fungicide
spraying operation in a digital vineyard (see Section 5.4).

Based on the selected operational scenario, we need two sets of UAVs to perform this mission-level operation.
One set of UAVs are equipped with visual and laser sensors to data collection. The second set of UAVs are
equipped with an adequate amount of fungicide spray and required onboard sensors to navigate towards an
infection hotspot.
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Figure 12: Scenario: Autonomous mission planning for continuous data collection and fungicide spraying. UAV 1: Data collection, and UAV 2:
Fungicide spraying.

5.6.1 First Iteration: Compose Data Collection Mission

Step 1: Select the MRS Use Case

In this step, the robotics engineer selects the autonomous pest management in the viticulture MRS use case to
apply the stratagem concept in the SESAME project:

• Use Case 1: Dependable Multi-Robot Systems in Battery Innovation Centre
• Use Case 2: Disinfecting Hospital Environments using Robotic Teams
• Use Case 3: Power Station Inspection using Autonomous Multi-Robot Systems
• Use Case 4: Autonomous Pest Management in Viticulture
• Use Case 5: Security Management of MRS-Based Assembly Lines

Step 2: Identify the Use Case Operational Scenario

In this step, the robotics engineer identifies the operational scenarios for different modes of operation based on
the knowledge base (in this step, data collection), are as shown below:

• Scenario 1: Autonomous mission planning for continuous data collection and fungicide spraying
• Scenario 2: Assessing security of surveillance
• Scenario 3: Assessing interaction and coordination of surveillance and spraying
• Scenario 4: Planning of fungicide spraying
• Scenario 5: Assessing fungicide spraying

Step 3: Specify the High-level System Requirements

In this step, the operational needs are transformed into high-level system requirements. These high-level
requirements are captured in Section 5.3. Based on the selected operational scenario, the high-level system
requirements are transformed into a set of the following functional requirements:
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• Data collection
• Fungicide spraying
• Monitor mission

The non-functional requirements are:

• Usability
• Reliability
• Performance
• Supportability

The safety and security requirements are:

• Safety
• Security

The safety engineer is responsible for defining safety-related system aspects and closely interacts with the
robotics engineer. The security engineer is responsible for defining security-related system aspects and closely
interacts with the robotics engineer.

Step 4: Select the Robotic Behaviour

In this step, the robotics engineer selects the robotic behavior based on the operational scenario, high-level
requirements, and knowledge base (see Section 3.5):

• Autonomous
• Semi-autonomous
• Manual

In Table 1, we already introduced an evaluation matrix to choose an engineer for various robotic capabilities,
skills, roles, behaviours, and components. The engineer selects the robotic behavior based on the use case
operational scenario. In this step, the robotics engineer selects the set of robots with the highest mapping skill.
In this operational scenario, the engineer selects the UAVs with autonomous behavior because the robots are
required to fly and operate autonomously beyond the visual line of sight.

Step 5: Select the Robotic Role

In this step, the robotics engineer selects the robot role as a mapper because this robotic role is required in this
operational scenario (see Section 3.4):

• Mapper
• Sprayer
• Monitor

Step 6: Select the Robotic Skill

In this step, the engineer selects the robot skill based on its operational scenario and capability evaluation
matrix, as explained in Section 3.3: The robot must have the skill of mapping for map generation.

• Mapping
• Tracking
• Manipulation
• Stacking
• Inspection
• Spraying
• Disinfection
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Step 7: Select the Robotic Capability

In this step, the robotics engineer selects the robotic capability based on its operational scenario (see Section
3.2).

• Mobility (Fly/Ground Movement)
• Grasp
• Vision

If we need a UAV to map generation in a vineyard, the robot must have the flying robotic capability. If we
need an RGB camera to generate a vineyard map, the robot must have vision capability using an RGB camera.

Step 8: Select the Robotic Type

In this step, the robotics engineer selects the robotic type based on its operational scenario and capabilities:

• AGV
• UAV
• Robotic Arm

The robot has to cover a large vineyard to expedite the mapping process in a limited time. The 3D mobility
over 2D will expedite the process of generating a map for a vineyard. Consequently, the robot should have 3D
mobility, i.e., the robot should have a flying capability. Hence, the robotics engineer selects a UAV to generate
a map vineyard.

Step 9: Compose Individual Robot Mission or Robotic Team (MRS) Mission

The robotics engineer creates the robotic-level mission (Non-MRS) or robotic team-level mission (MRS) for
the corresponding operational scenario using the above sequential steps. In this step, the robotics engineer has
created the following robotic-level missions:

• Data collection
• Fungicide spraying
• Monitor mission

Step 10: Do We Need Extra Collaborative Capabilities?

The robotics engineer checks for collaborative robot or robotic team missions operational scenarios if any. If
yes, the robotics engineer repeats this process from step 3 to perform the collaborative MRS mission using
mission-level capabilities (see Section 3.1):

• Collaborative perception and sensor fusion
• Perception-aware trajectory planning and tracking
• Collaborative intelligence

If not collaborative mission, the robotics engineer ends the stratagem methodology. Here, we consider the
individual robotic mission. Hence, go to second iteration to perform another individual robotic mission (from
Step 1).

5.6.2 Second Iteration: Compose Data Collection Mission + Fungicide Spraying Mission

Step 1: Select the MRS Use Case

In this step, the robotics engineer selects the autonomous pest management in the viticulture MRS use case to
apply the stratagem concept in the SESAME project:
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• Use Case 1: Dependable Multi-Robot Systems in Battery Innovation Centre
• Use Case 2: Disinfecting Hospital Environments using Robotic Teams
• Use Case 3: Power Station Inspection using Autonomous Multi-Robot Systems
• Use Case 4: Autonomous Pest Management in Viticulture
• Use Case 5: Security Management of MRS-Based Assembly Lines

Step 2: Identify the Use Case Operational Scenario

In this step, the robotics engineer identifies the operational scenarios for different modes of operation based
on the knowledge base (in this step, fungicide spraying in addition to the previous scenario), are as shown
below:

• Scenario 1: Autonomous mission planning for continuous data collection and fungicide spraying
• Scenario 2: Assessing security of surveillance
• Scenario 3: Assessing interaction and coordination of surveillance and spraying
• Scenario 4: Planning of fungicide spraying
• Scenario 5: Assessing fungicide spraying

Step 3: Specify the High-level System Requirements

In this step, the operational needs are transformed into high-level system requirements. These high-level
requirements are captured in Section 5.3. Based on the selected operational scenario, the high-level system
requirements are transformed into a set of the following functional requirements:

• Data collection
• Fungicide spraying
• Monitor mission

The non-functional requirements are:

• Usability
• Reliability
• Performance
• Supportability

The safety and security requirements are:

• Safety
• Security

The safety engineer is responsible for defining safety-related system aspects and closely interacts with the
robotics engineer. The security engineer is responsible for defining security-related system aspects and closely
interacts with the robotics engineer.

Step 4: Select the Robotic Behaviour

In this step, the robotics engineer selects the robotic behavior based on the operational scenario, high-level
requirements, and knowledge base (see Section 3.5):

• Autonomous
• Semi-autonomous
• Manual

The engineer selects the robotic behavior based on the use case operational scenario. In this step, the robotics
engineer selects the robots with the spraying skill. In this operational scenario, the engineer selects the UAVs
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with autonomous behavior because the robots are required to fly and operate autonomously beyond the visual
line of sight and perform fungicide spraying.

Step 5: Select the Robotic Role

In this step, the robotics engineer selects the robot role as sprayer because these robotic roles are required in
this operational scenario (see Section 3.4):

• Mapper
• Sprayer
• Monitor

Step 6: Select the Robotic Skill

In this step, the engineer selects the robot skill based on its operational scenario and capability evaluation
matrix, as explained in Section 3.3: The robot must have the skill of spraying for fungicide spraying operation.

• Mapping
• Tracking
• Manipulation
• Stacking
• Inspection
• Spraying
• Disinfection

Step 7: Select the Robotic Capability

In this step, the robotics engineer selects the robotic capability based on its operational scenario (see Section
3.2).

• Mobility (Fly/Ground Movement)
• Grasp
• Vision

If we need a UAV to spray fungicide in a vineyard, the robot must have the flying robotic capability.

Step 8: Select the Robotic Type

In this step, the robotics engineer selects the robotic type based on its operational scenario and capabilities:

• AGV
• UAV
• Robotic Arm

The robot has to cover a large vineyard to expedite the spraying operation in a limited time. Consequently,
the robot should have 3D mobility, i.e., the robot should have a flying capability. Hence, the robotics engineer
selects a UAV to perform a fungicide spraying task for a vineyard.

Step 9: Compose Individual Robot Mission or Robotic Team (MRS) Mission

The robotics engineer creates the robotic-level mission (Non-MRS) or robotic team-level mission (MRS) for
the corresponding operational scenario using the above sequential steps. In this step, the robotics engineer has
created the following robotic-level missions:

• Data collection
• Fungicide spraying
• Monitor mission
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Step 10: Do We Need Extra Collaborative Capabilities?

The robotics engineer checks for collaborative robot or robotic team missions operational scenarios if any. If
yes, the robotics engineer repeats this process from step 3 to perform the collaborative MRS mission using
mission-level capabilities (see Section 3.1):

• Collaborative perception and sensor fusion
• Perception-aware trajectory planning and tracking
• Collaborative intelligence

Here, we consider the collaborative MRS mission. Hence, go to third iteration to perform collaborative MRS
mission (from Step 3). If not collaborative mission, the robotics engineer ends the stratagem methodology.

5.6.3 Third Iteration: Compose Monitor MRS Mission to Monitor the Data Collection Mis-
sion + Fungicide Spraying Mission State

Step 3: Specify the High-level System Requirements

In this step, the operational needs are transformed into high-level system requirements. These high-level
requirements are captured in Section 5.3. Based on the selected operational scenario, the high-level system
requirements are transformed into a set of the following functional requirements:

• Data collection
• Fungicide spraying
• Monitor mission

The non-functional requirements are:

• Usability
• Reliability
• Performance
• Supportability

The safety and security requirements are:

• Safety
• Security

The safety engineer is responsible for defining safety-related system aspects and closely interacts with the
robotics engineer. The security engineer is responsible for defining security-related system aspects and closely
interacts with the robotics engineer.

Step 4: Select the Robotic Behaviour

In this step, the robotics engineer selects the robotic behavior based on the operational scenario, high-level
requirements, and knowledge base (see Section 3.5):

• Autonomous
• Semi-autonomous
• Manual

In this operational scenario, the engineer selects the UAVs with autonomous behavior because the robots are
required to fly and operate autonomously beyond the visual line of sight and monitor the state of the mission.

Step 5: Select the Robotic Role

In this step, the robotics engineer selects the robot role as monitor because these robotic roles are required in
this operational scenario (see Section 3.4):
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• Mapper
• Sprayer
• Monitor

Step 6: Select the Robotic Skill

In this step, the engineer selects the robot skill based on its operational scenario and capability evaluation
matrix, as explained in Section 3.3: The robot must have the skill of tracking and inspection for monitoring the
mission state.

• Mapping
• Tracking
• Manipulation
• Stacking
• Inspection
• Spraying
• Disinfection

Step 7: Select the Robotic Capability

In this step, the robotics engineer selects the robotic capability based on its operational scenario (see Section
3.2).

• Mobility (Fly/Ground Movement)
• Grasp
• Vision

If we need a UAV to monitor in a vineyard, the robot must have the flying robotic capability.

Step 8: Select the Robotic Type

In this step, the robotics engineer selects the robotic type based on its operational scenario and capabilities:

• AGV
• UAV
• Robotic Arm

The robot has to cover a large vineyard to expedite the monitoring operation in a limited time. Consequently,
the robot should have 3D mobility, i.e., the robot should have a flying capability. Hence, the robotics engineer
selects a UAV to perform a monitoring task for a vineyard.

Step 9: Compose Individual Robot Mission or Robotic Team (MRS) Mission

The robotics engineer creates the robotic-level mission (Non-MRS) or robotic team-level mission (MRS) for
the corresponding operational scenario using the above sequential steps. In this step, the robotics engineer has
created the following robotic-level missions:

• Data collection
• Fungicide spraying
• Monitor mission

Step 10: Do We Need Extra Collaborative Capabilities?

The robotics engineer checks for collaborative robot or robotic team missions operational scenarios if any. If
yes, the robotics engineer repeats this process from step 3 to perform the collaborative MRS mission using
mission-level capabilities (see Section 3.1):
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• Collaborative perception and sensor fusion
• Perception-aware trajectory planning and tracking
• Collaborative intelligence

Similarly, the robotics engineer creates the robotic or collaborative MRS missions for all the operational scenar-
ios. Here, we consider the end of the missions. Hence, the robotics engineer ends the stratagem methodology.
See Section 5.7 for complete collaborative mission scenarios.

5.7 Compose Collaborative MRS Mission

Let us assume that a collaborative MRS mission-level operational scenario is required to monitor the whole
data collection mission and fungicide spraying mission in an autonomous pest management. Figure 13 depicts
an MRS mission scenario in autonomous pest management in which multiple UAVs are deployed to collect the
data, spray the fungicide, and monitor the whole mission.

Figure 13: Compose Collaborative MRS Mission: Autonomous pest management use case.

5.7.1 Mission Description

UAV MRS mission is deployed for data collection, fungicide spraying, monitoring the whole mission, and
coordination purpose in autonomous pest management use cases.
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5.7.2 Pre-Conditions

One set of UAVs are equipped with visual and laser sensors to perceive the environment and evaluate the
mission state. The second set of UAVs are equipped with an adequate amount of fungicide spray and required
onboard sensors to navigate towards an infection hotspot.

5.7.3 Main Success Mission

1. UAVs take off and commence the continuous data collection (see Section 5.6, first iteration) and fungicide
spraying (see Section 5.6, second iteration). These UAVs should fly at least the same time as the spraying
drone to monitor the whole mission without being a bottleneck (see Section 5.6, third iteration).

2. The UAVs track and send the location and state of each UAV to the Ground Control Station.

3. The UAVs split the area of interest in multiple subsets, each treated by a dedicated robot, significantly
reducing the mission duration.

4. One set of UAVs processes the digital vineyard includes datasets such as a high-resolution 3D model of the
vineyard, including digital 3D vine models, and plant physiology using visual or laser sensors.

5. The Second set of UAVs detects the hotspots and applies fungicide spraying on vines with a very high
probability of infection.

5.7.4 Alternate Mission

If any UAV has not had sufficient battery or loss of communication or adequate amount of fungicide spraying
to continue the mission, it enables a safe "Return To Home" (RTH) to quickly return to land.
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6 Conclusions

This document outlines the capabilities of MRS and architectural guidelines, thus setting the foundation for
Executable Scenarios (ExSce) to be specified in WP3.

These novel and reusable capabilities reinforce the multi-robot system’s robustness deployable across many
different multi-robot systems use case missions such as:

• Use Case 1: Dependable Multi-Robot Systems in the Battery Innovation Centre.
• Use Case 2: Disinfecting Hospital Environments using Robotic Teams.
• Use Case 3: Power Station Inspection using Autonomous Multi-Robot Systems.
• Use Case 4: Autonomous Pest Management in Viticulture.
• Use Case 5: Security Management of Multi-Robot Systems-Based Assembly Lines.

These capabilities are incorporated in the SESAME knowledge base. They can specify ExSce and transform
them into executable models for simulation or the real multi-robot systems.

This document will be updated throughout the duration of the project to address any issues that might arise.
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