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Executive Summary

The present deliverable aims to provide a comprehensive overview of the overall architecture design for the
MANIBOT system. The architecture has been develdy@sed on user requirements and specific use cases
outlined in the corresponding deliverable D22 MANi BOTuUsemenég and use cas:

To construct and elaborate on the anticipated MANIBOT architecture, a hierarchical methodology has been
adopted.The level of detail increases progressively through the hieratoitially, he MANIBOT system is
dissected into conceptual modules, highlighting the key components of the system, including both software
modules and their interdependencies. Followingstha use casspecific functional analysis presented
determining the necessary processing actions required for the system to achieve the objectives of each sub
use case while defining the corresponding technical specifications.

After the conceptual aalysis, a functional view of the system is detailed. This section breaks down the
system’ s architecture into functional modul es an
regarding their functionalities and interactions. This structured appnofaxilitates the independent
development of each module.

Given the complexity of the MANIBOT system, technical specifications must be assessed concerning
performance, hardware, and software requirements based on identified user needs. The mapping of these
specifications involves integrating functional requirements with the necessary hardware and software
components while considering the performance benchmarks set by prioritized use cases and user
requirements. The requirements mapping process resultdist af prioritized functional requirements that

will guide the implementation of the MANIBOT system.

Building upon the higHevel architecture of the MANIBOT system, its functionality is evaluated through
dynamicmodellingusing SysML activity and sequence diagrams tailored for eachssubaseThen, the
Devebpment Viewis presentedoutlining how the architecture supports the development process, assigning
responsibilities to partner organizations, and specifying software and technology constraints. Additionally,
the Development View contains agreements on software configuratioragement. The Deployment View

is thoroughly describedfterwards outlining the modules and their corresponding software/hardware
requirements. This includes existing software tools and frameworks utilized by partners, such as ROS for
simulation. The hardwa requirements detail various sensors, robotic platforms, and manipulators selected

to meet the demands of each sulse case.

Our analysis concludes with the presentation of égmplementation plan that defines the timeline for
addressing the functionaéguirements hroughout the project duration.

Finally, a series of Annexésprovided, detailing hardware and software requirements along with the
mapping of system functional requirements to technical specifications.
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1 Introduction

1.1 Scope of the deliverable

This deliverable (D2.4 "MANIBOT system technical specifications and architecture") presents the final
Conceptual Architecture and System Specificatidor the MANIBOT solution. It includes a detailed
Development and Deployment overview, along with a dynamic analysis of the MANIBOT system. The
document provides a comprehensive perspective on the MANIBOT system, covering the software modules,
the hardwae requirements for each module, and the robots and additional hardware selected for each sub
use case.

The objective of this deliverable (D2.4 "MANIBOT solution technical specification and architecture") is to
provide a comprehensive overview of the MARIB architecture, summarizing its technical and functional
design. It outlines the fundamental capabilities of the MANIBOT system by thoroughly detailing each module.

The primary goals of this deliverable are:
e Presenting the desNBOT ConeptialoAccloitecugy f or t he MA
e Def i ni-krwlfundiianalittes of the MANIBOT system
e Conducting a technical -uepaseci fi cation anal ysi
e Offering an overview of the development and

« Pr oadymaminagalysis of the system for each-gab case independently

1.2 Relation to other Activities and Deliverables

This deliverable heavily depends on the analysis of the user requirements and the MANIBOT use cases
conducted by t heMAIBOTdamewnrk mduirements &nalysi2 an@e cdses definition

and presented i Userdeguiréemerdsraacdbuseecadbs?2 . 12n “t hat deliver al
scenarios have been defined with specific sisle cases linked to prioritised user requrents. In the

current deliverable we utilise this analysis to extract the system functional requirements, map them to the
subuse cases and extract the system’ s t e-osh nases a |l S
analysis with their definedteps to perform the dynamic analysis of the system, generating corresponding
dynamic activity diagrams for each sube case.

On the other hand the analysis performed in this deliverable will be utilised by all technical taskSW&p3
developing thefunctional components of the MANIBOT system, as well as, the integration tasks (WP6) and
the validation and deployment tasks (WP7). Howeviegeswe are applying an iterative approach to system
design and development the presented architecture and spetifins will further be revised and updated
utilising the development and deployment feedback. The updated analysis will be tracked via internal reports
and presented in future MANMiegad bintheublimobile nahipukater, su
robot” .

1.3 Structure of the deliverable

The deliverable is structured as reported below:

Chapter 2outlines the methodology used to determine the architecture of the MANIBOT system. It presents
the fundamental principles guiding the definition of the architectuedements and highlights the key
concepts followed in establishing the conceptual architecture. Additionally, it delivers detailed specifications
for the software modules that make up the MANIBOT system and describes the methodology used to define
the sysem's technical specifications.
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Chapter 3describes the conceptual architecture of the MANIBOT system, detailing the main components
(building blocks) of the anticipated system as software modules and their interdependencies.

Chapter 4introduces the funabnal analysis of the MANIBOT system, outlining the system's functional
requirements as by mapping them to the identified suge cases of the system.

Chapter Soffers a functional perspective on the introduced conceptual architecture, detailing the dumatti
elements, their responsibilities, and their primary interactions with other components.

Chapter 6outlines the technical specifications of the MANIBOT system, detailing the requirements for each
individual hardware and software module, along with thebrresponding performance requirements.
Additionally, it presents the mapping of the sube cases, tracing them from their associated user
requirements to the technical specificationsfter the review, section 6.3Handling requirements in
MANIBOT usease$ was added in order to describe the handling requirements of MANIBOT use cases based
on the pilot site descriptions and the physical properties of the items considered for robotic manipulation.

Chapter 7presents the dynamic analysis of the MANIB@&tesn, evaluating the actions performed by the
system, the interactions among its modules, and the interactions between the system and the supervisor.
These elements are analyzed within the context of eachumgé case and illustrated through activity
diagams.

Chapter 8defines the Development View, illustrating how the architecture facilitates the development
process. It identifies a responsible partner and any relevant software or technology constraints for each
module. Additionally, the Deployment Viasvdescribed, detailing the modules and their software/hardware
requirements. It includes existing software tools or frameworks contributed by partners (e.g., ROS). Finally,
the hardware requirements of the system are presented, encompassing a range sdrsemnobotic
platforms, and robotic manipulators selected to meet the demands of eachusaltaseAfter the review

in section 8.3.1.1MANIBOT Robotic Platforthghe description of the robotic platform design was updated
and connected to the requirements occurring from
physical properties of the items to be handledade in section 6.3~urthermore, informationwas added on

the reachability and trajectory study conducted to ensure the suitability of the robotic arms for the MANIBOT
use cases.

Chapter 9provides a conclusion, summarizing the key findings and outcomes of the document.
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2 Architecture & Technical Spdiations Derivation
Methodology

2.1 System Architecture Concepts and Design Principles

The design of the MANIBOT system's architecture adhered to the guidelines outlined in the "Software
Systems Architecture” handbool][ The system's architecture is composed of multiple interconnected
modules, encompassing software elements, their externally visible properties, and relationships. The design
process focused owlescribing the system's components and their interactions to achieve the desired
functionality. Following the basic design principles, the following guidelines should be followed:

e Modularity and Openness: The system architecture is designed to be mahdampen, allowing
both the MANIBOT system and its users to utilize the functional modules described in the
architecture.

e Technology Independence: The architecture aims to be as techralpgystic as possible,
promoting the use of generic, standardizedugimns that can be implemented using various key
technologies, including opesource and commercial options.

To determine the software architecture of the MANIBOT system, a hierarchical approach was taken, as
shown inFigure 1 The process begins with the MANIBOT concept and provides a preliminary analysis of its
fundamental architectural elements in an abstract conceptual manner. The system's concephitatawce
outlines the hardware and software components that together form the foundational elements of the
MANIBOT system.

Following this, the Functional View describes the system's functional structure by defining its components
and illustrating how therequired functions are carried out. It specifies and provides details on the
associations, relationships, and connections between the system's components. Regarding hardware, the
necessary physical interconnections between the hardware components andsseinsythat make up the

entire system are also defined.

Finally, based on the defined use cases (outlined in deliverable D2.2), a dynamic analysis of the MANIBOT
system is presented to provide insights into the system's operation. This analysis demonistrateise

system functions in practice across various use cases andssubases. It also offers an overview of each

task related to the collaboration between the system and users, as well as details on timing and signal
exchanges. Additionally, it illusttes the interactions and information flow among the system's architectural
elements to present a complete workflow. Thus, the dynamic analysis serves as an evaluation mechanism for
the functional components by applying them to specific-sgsb cases withia scheduled plan.
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2.2

AN

MANIBOT Concept

/ N\
Conceptual Architecture
Analysis

Functional View

Dynamic Analysis

Figurel Hierarchical analysis of the MANIBOT architecture.

Architectural Development Process

This section outlines the methodology for designing the architectural components of the MANIBOT system,
detailing their functionalities and interactions, from the conceptual architecture to the-leighl functional
view and finally to the system's dynamic structure. The process is described in the following steps:

Step 1: The foundation for accurately detgning the architecture is the definition of user
requirements, along with the corresponding use cases andusebcases, all established and
described in Deliverable D2.2.

Step 2: Based on the user requirements and the specified use casessutases,he MANIBOT
system's technical specifications are defined. This involves a conceptual breakdown of the system
into essential structures, considering hardware and software requirements while taking performance
needs into account. The system's functional riegunents act as an interface between user
requirements and technical specifications.

Step 3: A sequence of system functionalities, executed by the relevant software modules, fulfils
specific tasks within a sulise case. The functional view provides a dethianalysis of these
software modules, including a comprehensive description of each functional component, their
interdependencies, operational requirements, and indicative performance criteria.

Step 4: Once the higlevel architecture is established, th&/stem's functionality is evaluated
through a dynamic model using the use cases defined in Task T2.2. This involves assessing the
system's functionality across different application scenarios.

Step 5: Following the functional view, the development of MMANIBOT system's modules is
planned, including an analysis of the computational resources and hardware required for
deployment.

An overview of this methodology is illustrated diagrammaticallyigure 2
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Figure2 Diagram with the employed architectural design process.

2.3 Methodology Overview for System Definition and Technical Specifications

To understand the role of D2.4 and d@snnection to D2.2, it is important to explain the initial stages of the
MANIBOT system's development process, which include the following steps:

1. The User Needs identified through the analysis of the original project vision, user surveys, and user
requirements led to the definition of the Use Cases and -Bgb Cases, as documented in
deliverables D2.2 and D2.4.

2. Based on the Subse Cases, the Functional Design of the MANIBOT system was carried out, resulting
in a set of Functional Requirements.

3. TheFunctional Requirements, along with the available technology base (e.g., technologies accessible
to the Consortium, prior results) and the Design Constraints (e.g., environmental standards,
regulatory/safety conditions), form the foundation for the Arcluteral Design of the hardware and
software.

4. From the Architectural Design, the technical specifications for the MANIBOT system are established,
covering performance, hardware, and software requirements.

2.3.1 Mapping of User Requirements to Technical Specificas

Following the methodology outlined in this section the performance requirements for the MANIBOT system
were established through a process that maps user requirements to technical specifications. In this mapping
process, each use case and suge caseis initially analyzed in relation to the corresponding user
requirements, which ultimately leads to the definition of the system's performance requirements. The
subsequent step involved defining the technical specifications for the individual MANIBOT ahardw

17
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components, taking into account both the system's performance needs and the anticipated requirements of
the use cases. This approach provides a foundation for the technical developments needed to build the
MANIBOT system from a hardware perspectivee Tverall workflow for determining the technical
specifications is illustrated iRigure 3

’ e ™\

. . Preliminary MANIiBOT
Physical Architecture —_— Hardware Components —_—
Technical Specifications
Performance Requirements o

User

. Use Cases
Requirements

Figure3 Workflow for the determination of Technical Specifications of the MANIBOT system.
2.3.2 Definition of the MANIBOT Physical Architecture

To establish the physical architecture of the MANIBOT system, the indicative hardware components (such as
the robotic platform, robotic arms, ®B/RGBD sensor, etc.) are defined based on the performance
requirements and the planned physical architecture. This involves determining how these hardware
components can be integrated within the system's conceptual design, as well as identifying tfecinter
options that can be used to enable communication among them.

2.3.3 Establishment of the Technical Specifications of the H/W components of MANIBOT

To create the final version of the MANIBOT system's conceptual physical architecture established,
collaboraton among the project partners was necessary to define the specifications for each hardware
component. This involved identifying existing commercial components that can be used, as well as
determination of the detailed specifications for components thatdéo be developed within the project.
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3  Conceptual Architecture Analysis

3.1 The MANIBOT Conceptual Architecture

The MANIBOT project aims to develop a versatilen&nual mobile robotic system capable of executing a
diverse range of manipulation tasks witlhirhartlike efficiency. This innovative system will be specifically
designed for environments where the handling of various objegistentially unknown in terms of their
characteristicsimust be performed with precision and adaptability. Central to the MANiB@ncept is a
dualarm robotic platform equipped with advanced multimodal perception systems that integrate vision,

proximity, and tactile sensing for enhanced perception and manipulation.

This architecture enables the robot to understand its environmantd recognize objects through
sophisticated algorithms that fuse sensory information, allowing for rapid and effective manipulation of
deformable and rigid objects alike. The platform will feature a suite of manipulation primitives, including
both prehende and nonprehensile techniques, enabling the transfer and handling of objects of varying
sizes, weights, and materialB.h e sy st e m’ srobot ;mteracion (HRIucaymlilities will also foster

trust and efficiency in collaborative operations. By employing a diverse range of sensors and technologies
the MANiIBOTsolution isequipped to perform complex manipulation taskpushing the boundaries of

physical intelligence in mobile robotidsgure4dd e pi ct s t he MANiIi BOT' s concept.
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The core concept of MANIBOT revolves around adaptive, feulti robot cycles designed to achieve
versatile manipulation capabilities, depictedrigure4. At the foundational level are lovevel cycles, each
representing a distinct, fundamental step of the festep interaction processpreparation, planning,
contact establishment, and manipulation. Building upon these,leidl cycles encompass sequencds
low-level cycles, enabling the effective manipulation of a single object-legt cycles then bring together
multiple midlevel cycles to accomplish more complex tasks, such as handling several objects simultaneously.
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These cycles are highly adagtivesponding dynamically to context. Adaptations occur across all levels,
allowing MANIBOT to adjust both its perceptieauch as shifting attention toward specific elements in the
environment or modifying modality weightingsand its action plans. For irsstce, within lowlevel cycles,

the robot can adapt behaviors in response to new environmental data, while anid highlevel cycles
permit more substantial adjustments to facilitate complex malject manipulation. Through these layered,
contextaware gcles, MANIBOT is equipped with a robust framework for flexible, htlikarninteractions
across diverse scenarios. The MANIBOT conceptual architecture is structured around a seriesl@fahulti
cycles comprising four key steps:

Step (1): Preparation/ScenUnderstandingThis initial stage involves safe, humamware navigation of the
robotic platform to the designated manipulation area as defined through the MANIBOT HRI interface. Once
the robot is roughly positioned within the operational space, it begindnitial assessment of the target
object and its surrounding environment. This assessment includes ¥iaged target recognition, pose
estimation, and an understanding of the scene, encompassing the identification of both the starting and
intended desination positions of the object. Furthermore, the robot assesses available pick and place
affordances, which can inform complex muibiject handling, and predictive structural inference (e.qg.,
object piles).

Step (2): Planning/ApproacBuilding on Step (1), the robot determines a specific manipulation approach
(e.g., handledased, prehensile, or neprehensile) and identifies optimal contact points. Throughout a
visiondriven feedback loop, the robot repositions itself as needed, ggidhe end effector into a pre
contact position while progressively incorporating proximity sensing for accurate object approach. The aim
here is to enable swift yet safe movement, fostering both operational safety and human trust.

Step (3): MultiContactEstablishmentDuring this phase, the robot establishes the necessary contact points

to execute the manipulation plan devised in Step
adjust actions in response through a responsive percegdiction feedback loop. Multmodal perception

here combines visual servoing with tactile and proximity sensing, shifting towards a greater reliance on tactile
input for precise manipulation.

Step (4): Object Manipulation for Transfer and Placemditiis final stepnitiates the object transfer based

on the plan from Step (1), which may be dynamically adapted as new data from tactile, visual, force/torque
sensing, and other modalities indicate deviations. Here, the robot appliesabual actions, including
pushingtoppling, and pulling, to complete the transfer process.

The robot’'s cognitive abilities allow it to fluid
complexity, such as ensuring adequate placement affordance or adjusting objetpesiidtransfer when
necessary. For instance, the robot may need tam@ange items on a supermarket shelf to create space for

a new item or adjust a fallen item during a box transfer. The architecture's adaptive cycle structure empowers
the robot to handle such intermediate tasks autonomously, ensuring robust and reliable task completion
across diverse manipulation scenarios.

3.2 The Basic Conceptual Modules

3.2.1 Adaptive robot perception for object recognition and dynamic environment sensing
module

The AdaptivdRobot Perception for Object Recognition and Dynamic Environment Sensing module addresses
the complex challenges of robotic perception in cluttered, constrained environments filled with diverse
objects. For effective object manipulation, MANIBOT's peroepsystem needs to recognize a wide range

of objects which differ in size, material, and shape, while also including unseen items, and extract their
manipulation affordance areas, even when they are stacked or packed closely together. Similar to human
perception, understanding the physical properties of objects requires integrating visual cues (such as shape,
size, and material) with tactile feedback (rigidity, weight) for comprehensive object characterization.
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This adaptive perception system enables MANIBO® dynamically adjust sensing modalities based on task
requirements and environmental constraints. For instance, the robot may rely primarily on visual inputs for
initial recognition and localization, identifying object categoryD®F pose, and relevamhanipulation
affordances, without requiring precise object models. When in proximity, MANIBOT enhances its perception
with tactile feedback to infer additional physical properties, like weight and rigidity, optimizing handling
based on each object's unigicharacteristics.

I n cluttered settings, structur al analysis suppor
manipulation affordances, while assessing the stability of surrounding items to ensure safe manipulation.
Furthermore, MANIBOT erfgys multimodal sensing for dynamic environment awareness, integrating vision

and proximity data for effective human detection, safe interactions, and obstacle avoidance. The system
continuously adapts its focus on the most effective sensing input, pzogt vision for longange
environment assessment and proximity feedback when approaching or interacting closely with objects.

A core feature of MANi BOT' s perception system is
adaptation to new objed by associating them with existing knowledge. A continual learning framework will

be developed, supporting this capability, managed through an advanced MLOps platform that respects key
principles of Trustworthy Al, including security, privacy, and tramsyzy.

3.2.2 Manipulation primitives, bimanual control and navigation module

The Manipulation Primitives, Bimanual Control, and Navigation module enables MANIBOT to operate
effectively in dynamic, humapopulated environments, addressing key challenges in safietypan comfort,

and adaptive handling. Humaware navigation relies on retime perception data to dynamically adjust
robot trajectories, considering both human comfort zones and obstacles in the environment. Safety is further
reinforced by accountingf infrastructure restrictions (e.qg., restricted airport zones) during path planning.

Upon reaching the task area, MANIBOT encounters additional complexities due to cluttered and confined
spaces, with objects of varying sizes, deformability, and frathiitymay be stacked, confined in containers,

or surrounded by other items. This diversity requires a robust set of manipulation strategies beyond
traditional pickandplace. To accommodate these demands, MANIBOT's manipulation module integrates
compliant,multimodal controllers with bimanual handling capabilities, allowing the robot to execute a range
of manipulation primitives, including negorehensile actions like pushing, even in the presence of
uncertainties. The bimanual control framework enables MANIBo learn and robustly execute a sequence

of manipulation actions tailored to the complex tasks of shelf restocking or baggage handling. Leveraging
learningby-demonstration, the robot replicates humdike trajectories that respect imposed constraints

and employ passive impedanderce controllers to achieve adaptive grasping and contact control. Visual and
tactile feedback is integrated to enhance grasp stability and adjust forces as needed, supporting reliable
execution of manipulation goals.

For smalitems in cluttered spaces, pugitasping strategies will be included, whereas a stable hold of large
objects will be established by bimanual grasping. For sizable items, bimanual control facilitates non
prehensile manipulation, such as pushing an opex filted with items along a narrow shelf or positioning
luggage on a cart. This approach also enables MANIBOT to reorient items, for example, by rotating luggage
on a conveyor to reveal a tag, using opposing points of contact. These capabilities ensMANBOT can

adapt to a wide variety of manipulation scenarios while maintaining efficient, safe, and heonafortable
operation.

3.2.3 Robot cognition and HRI module

The Robot Cognition and Hum&wobot Interaction (HRI) module of MANIBOT is designed to cirate
adaptive framework for understanding and interacting with the various environments and humans inside
them. Central to this module is the continuous modeling of the robot's surroundings, enabling it to interpret
crucial information about objects and therelationships. By developing semantic and adaptable
representations, the robot enhances its navigation and manipulation capabilities, enabling more intuitive
interactions with humans.
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To enhance coordination in unstructured and seatmuctured settings,the module will implement a
hierarchical approach that organizes robotic behaviors across multiple levels of abstraction. This allows for a
sophisticated orchestration of actions, where higlvel goals are broken down into manageable-tagks

that guidemotion generation and decisiemaking processes. This approach aims to overcome traditional
challenges associated with aligning cognitive models to complex geometric scenes, thus improving the
robot’s responsiveness and operational efficiency

Additionally, the module emphasizes bimanual coordination, focusing on synchronizing the robot's dual arms
for enhanced dexterity. By encoding aspecific affordances and actions within a spatiotemporal context,
the robot can perform tasks more coherently and effitly. An active semantic graph will represent possible
subtasks related to object interactions, evolving from observed human behaviors to create a knowledge
base that informs decisiemaking in real time.

To bridge the gap between hidavel planning andexecution, the module explores natural language
representations of tasks, making them more intuitive for human operators. By integrating large language
models (LLMs) with the robot's cognitive architecture, the system will enable seamless communication,
allowing the robot to interpret natural language commands and adapt its behavior accordingly. This enables
a collaborative environment where human and robot actions align for improved productivity and safety.

3.2.4 MANIBOT bimanual robot platform and cognitivenechatronics module

The MANIBOT Bnanual Robot Platform and Cognitive Mechatronics (WP6) focuses on developing advanced
hardware and sensing capabilities that enhance the robot's interaction with complex environments and
improve safety in humanobot collaboration. A primary objective is the integration of proximity sensors that
create a "sensing aura" around the robot, enabling it to anticipate collisions and adjust movement speeds
based on human presence. By optimizing sensor coverage and processipgytimaity system will allow
faster, more responsive actions, ensuring compliance with safety regulations while enhancing procedural
efficiency.

Complementing the proximity sensors, MANIBOT aims to implementreggiution tactile sensing, essential
for refined manipulation tasks requiring humdike precision. MANIBOT will leverage deep learning models
trained in simulation to create tactile sensing policies that can transfer seamlessly tavaddl
environments. This opesource tactile technology, conried with dexterous control, enables MANIBOT to
advance manipulation capabilities, particularly fohiand object handling that requires fine touch. The use
of standardized platforms will facilitate access and scalability of these technologies acres$ paoiners,
addressing the limited availability of tactigmuipped hardware.

The bimanual mobile robot platform will be developed, aiming to revolutionize robotic manipulation through
a focus on safety and adaptability in diverse environments. Thisoptatwill feature two manipulators
designed to work collaboratively, enhancing the robot's ability to perform complex tasks while ensuring safe
interaction with humans and objects. By integrating advanced sensing capabilities, the robot will be equipped
to perceive its surroundings effectively, allowing it to navigate and manipulate objects with precision and
reliability. A key aspect of this platform is its ability to handle a variety of tasks, including the transfer of large
or heavy items, through innotime mechanisms that promote efficiency and safety. Additionally, the robot
will incorporate solutions for maintaining energy autonomy, enabling prolonged operation without
interruptions.
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4 Use Casapecific Functional Analysis of the System

4.1 Use Case Anadys

As outlined in deliverable D2.2, each use case has been subdivided into seei@ried subuse cases,
detailing the tasks the MANIBOT system is expected to perform. Additionally, user requirements have been
aligned with one or more subse cases, ashown inTablel. Each suuse case is specifically characterized

by the system functional requirements, which define the actions the system or robot must perform or the
processing needed to complete the task

As noted in D2.2, following the grouping of User Requirements based on deployment priorities, the relevant
Use Cases selected for validation and deployment were adjusted accordingly. The chosen use cases for
validation and deployment, based on user feadk and requirement priorities, have a High deployment
priority, while other use cases considered for validation under conditional circumstances have Medium
LOWAdeployment priority.

Tablel: Mapping of User Requirements to Suse Cases

Highlevel Use Case SubUse Case ID and Title Deployment | Related
Priority level | requirements
UC1.Product replenishmern SubUC1.1Movement from resting| HIGH UR1,UR3,URS5,
in retail stores (MASOUTIS)| position/charging station to the UR6,UR7,UR2(
target replenishment cart UR24,UR27,UR

28,UR29,UR30
UR32,UR33,UR

34,UR35,U36
SubUC1.2dentification of the HIGH UR2,UR8,UR1’
products in the replenishment car UR13,UR20,UR

21,UR23,UR24
UR25,UR27,UR
28,UR29,UR30
UR32,UR33,UR
34,UR35,UR36

SubUC1.3ldentification of the HIGH UR3,UR4,URS5,
right position for the product on URG6,UR7,URS,
the shelf UR12,UR13,UR

20,UR22,UR23
UR24,UR26,UR
27,UR28,UR29
UR30,UR2,UR3
2,UR33,UR34,\

R35,UR36
SubUC1.4Replenishment of the | HIGH UR3,UR5,URS6,
shelves UR7,UR8,UR9,

UR10,UR11,UR
12,UR13,UR14
UR15,UR16,UR
17,UR20,UR21
UR24,UR25,UR
26,UR27,UR28
UR29,UR30,UR
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Highlevel Use Case

SubUse Case ID and Title

Deployment
Priority level

Related
requirements

31,UR32,UR33
UR34,UR35,UR
36

SubUC1.5Movement back to the
resting position/charging station

MEDIUM

URS,UR5,URG6,
UR7,UR18,UR]
9,UR20,UR27,1
R28,UR9,UR3
0,UR32,UR33,\
R34,UR35,UR3
6

UC2. Product replenishmer
in retail stores (SDI)

SubUC2.1Movement from resting
position/charging station to target
destination for replenishment

HIGH

URO03,UR06,UR
07,UR24,UR29
UR30,UR32,UR
35,UR36,UR54
URS55,URS56,UR
57,UR59,UR61
UR62,UR64,UR
65,UR68,UR83
UR84, UR85

SubUC2.2dentification of the
products on mixed pallet

HIGH

URO03,UR06,UR
07,UR09,UR21
UR?24,UR29,UR
30,UR32,UR35
UR36,UR41,UR
42,UR45,UR46
UR54,URS55,UR
56,UR57,UR
59,UR60,UR61
UR62,UR63,UR
64,UR65,URG8
UR83,UR84,UR
85

SubUC2.3ldentification of the
correct destination for the product
on the shelf (via ESL recognition
and assortment plan)

HIGH

URO06,URO07,UR
21,UR24,UR29
UR30,UR32,UR
35,UR36,UR37
UR38,UR39,UR
43,UR54,UR55
UR56,UR57,UR
59,UR60,UR61
UR62,UR63,UR
64,UR65,URG8
UR69,UR70R
71,UR75,UR83
UR84,UR85

SubUC2.4Preparation of the
products before replenishment

MEDIUM

URO03,UR06,UR
07,UR13,UR21
UR23,UR24,UR
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Highlevel Use Case

SubUse Case ID and Title

Deployment
Priority level

Related
requirements

26,UR29,UR30
UR32,UR35,UH
36,UR54,UR55
URS56,URS57,UR
59,UR60,UR61
UR62,URG63,UR
64,URG65,URG6
UR67,URG8,UR
74,UR77,UR78
UR79UR89,UR
81,UR82,UR83
UR84,UR85

SubUC2.5Product replenishment
(applying FIFO principle and
overstock management)

HIGH

URO03,UR06,UR
07,UR11,UR12
UR21,UR24,UR
26,UR28,UR31
UR29,UR30,UR
32,UR35,UR36
UR37,UR40,UR
44 ,UR45,UR47
UR48,UR49,UR
50,UR51,UR52
UR53,UR54,UR
55,UR56,UR57
URS59,UR60,UR
61,UR62,URG4
URG65,UR68,UR
69,UR70,UR71
UR72,UR73,UR
74,UR76,UR77
UR78,UR79,UR
80,UR81,UR83
UR84,IR85

SubUC2.6Movement back to the
resting position/charging station

HIGH

URO03,UR06,UR
07,UR24,UR29
UR30,UR32,UR
35,UR36,UR54
UR55,UR56,UR
57,UR59,UR61
UR62,UR64,UR
65,UR68,UR83
UR84,UR85

UC3. Baggage loading an
unloading from conveyor
belts to carts (FG)

SubUC3.1Preparing for loading

HIGH

UR1, UR2, UR
UR4,UR5,UR1f
UR19,UR21,UR
22
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Highlevel Use Case SubUse Case ID and Title Deployment | Related
Priority level | requirements
SubUC3.2Recognizing Baggage | HIGH UR6,UR7,URS,
for assigned flight UR23,UR24,UR
25
SubUC3.3Loading of allocated HIGH UR5,UR6,UR9,
baggage on the cart UR11,UR13,UR
14,UR16,UR17
UR18,UR19,UR
23,UR27,UR28
UR29,UR32
SubUC3.4Movement back to LOW UR1,UR2, UR3
resting position/charging point
UC4. Baggage loading an| SubUC4.1Movement from resting| MEDIUM UR1, UR2, UR
unloading from carts to| position/charging station to the UR19, UR21
conveyor belts (FG) target position UR22
SubUC4.2Preparing for unloading HIGH UR2, UR3, UR“
UR15, UR19
UR21, UR22
SubUC4.3Unloading from Cart to | HIGH UR5, URBJRY,
Conveyor belt URS, UR9
UR10, UR11
UR12, UR13
UR14, URI16
UR18, URZ23
UR24, UR25
UR27, URZ28
UR29, UR32
SubUC4.4Moving to next Baggagi MEDIUM UR1, UR2, UR
cart UR17, UR19
SubUC4.5Movement back to LOW UR1, UR2
resting position/charging point UR17, UR31
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4.2 Functional Design of the System

System functional requirements should be established with reference to the robotic functionalities that
should be achieved with either software or hardware solutions in order to assign techpécafications to
subuse cases. As a result, every sige case has been examined to produce a list of tasks that must be
completed. This section provides a summary of all system functional requirements pertaining to particular
sub-use cases. Translatinger requirements and use cases into precise technical specifications is the primary
goal of system functional requirements. Additionally, it must be noted that the hardware and software
requirements for each suhse case, the technical specifications, #re ones that will be developed and
implementedthroughout the MANIBOT project.

In order to identify the robot functionalities that will unavoidably be repeated in numeroususebcases,
the list of identified system functional requirements was initigpt as abstract as possible. As a result,
each system functional requirement can be used in multiplelscases, aadicated in the following table
(Table2).



n This project has received funding from the European Urentdol0142082ri zon Europe
Table2: Summary of the identified Perception/Cognition system functional requirements and their respectivelsicases
No. /ID System Functional Requirement Related SubJse Cases AEslefliyy
Relevance
SubUEL.2 (Step 1): Identification of the products in the replenishment cart
Recoanize the product to be SubUEL.3 (Step 1): Identification of the rigpbsition for the product on the shelf _
SFRO1 9 o Ienisﬁ:ed SubUR2.2 (Step 1): Identification of the products on mixed pallet High
P SubUR2.3 (Step 2): Identification of the correct destination for the product on the shelf (
ESL recognition and assortment plan)
SubUEL.2 (Step 1): Identification of the products in the replenishment cart
SFR0O2 Recognize expired and damaged SubUEL.3 (Step 1): Identification of the right position for the product on the shelf Medium
products SubUEL.4 (Step 2): Replenishment of the shelves
SubU@2.4 (Step 2): Preparation of the products before replenishment
SFRO3 Recognize the replenishment cart SubUEL.1 (Step 2): Movement from_restlng position/charging station to the target Medium
replenishment cart
Recognize dimensions and - ) .
SFRO4 | entation of each product per box SubUEL.2 (Step 2): Identification of the products on mixed pallet High
SFRO5 REEEIS CMETSEn Ee SubU@2.2 (Step 3): Identification of the products on mixed pallet High
orientation of boxes per pallet
SFROG Recognize the type of box SubU.2 (Step 2): Identification of the products on mixed pallet Medium
SubUR.3 (Step 2): Identification of the correct destination for the product on the shelf (
SFRO7 Recognize electronic shelf labels a ESL recognition and assortment plan) Low
extract content SubUR2.5 (Step 2): Product replenishment (applying FIFO principle and overstock
management)
SFROS Recognize the remaining space o SubUR2.5 (Step 3): Product replenishment (applying FIFO principl@astock High
shelves management)
SubUGE3.3 (Step 3): Loading of allocated baggage on the cart )
SFRO9 Detect the appropriate baggage ca SubU@4.2 (Step 2): Preparing for unloading Medium
SubUEA4.4 (Step 2): Moving to next Baggage cart
SFR10 Detects movindpaggage on the _ . : : High
conveyor belt SubUG3.2 (Step 1): Recognizing Baggage for assigned flight
SFR11 Recognize the front side (i.e. SubUEL.4 (Step 5): Replenishment of the shelves Medium
customer facing side) for each boy
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SFR12 Detects each baggageparately SubUGE3.3 (Step 1): Loading of allocated baggage on the cart High
identifying its shape and dimension SubUEA.3 (Step 2): Unloading from Cart to Conveyor belt
Recognizénow many boxes of a SubUECL.4 (Step 4): Replenishment of the shelves
SFR13 specific product item can fit on the SubU@2.5 (Step 4): Product replenishment (applying FIFO principle and overstock Medium
shelf management)
SFR14 Recognizevhen a baggage cart is fu SubUGE3.3 (Step 6): Loading of allocated baggagé¢hencart High
or empty SubUEA.3 (Step 7): Unloading from Cart to Conveyor belt
SFR15 Recognizelamaged luggage for the SubUG3.2 (Step 2): Recognizing Baggage for assigned flight Medium
arrivals SubU&A.2 (Step 2): Preparing for unloading
SFR16 Recogniz¢he luggage material (soff SubUG3.2 (Step 4): Recognizing Baggage for assigned flight Medium
or hard) SubUEA.3 (Step 2): Unloading from Cart to Conveyor belt
Ability to determine the optimal
SFR17 | quantity of products for placement SubUEL.4 (Step 4): Replenishment of the shelves Medium
at the forefront ofthe shelf
L SubUEL.4 (Step 2): Replenishment of the shelves
SFR18 Recognlze;]lsplﬁcled PEENES G SubU@.5 (Step 1): Product replenishment (applying FIFO principle and overstock Medium
€ STEWES management)
SFR19 taqugec.;oggslfiﬁ;?icf)rr:}?bzzzc;zgtct;i ol SubUGE3.3 (Step 3): Loading of allocated baggage on the cart High
SubU&4.3 (Step 5): Unloading from Cart to Conveyor belt
belt) to place the luggage
Performs quality check on product:
SFR20 | (flowers are not withered, fruits and SubU@.4 (Step 1): Preparation of the products before replenishment Low
vegetables are not deviated)
SFR21 Recognizs the location for the SubUE3.3 (Step 3)Loading of allocated baggage on the cart High
baggage placement SubUE4.3 (Step 5): Unloading from Cart to Conveyor belt
Recogniz¢he proximate area and
SFR22 shelves and compare the predefing SubU.3 (Step 2)tdentification of the correct destination for the product on the shelf (vi Low
assortment planogram with the ESL recognition and assortment plan)
actual placement of the ESLs
Recognizdoxes' SubU.2 (Step 1): Identification of the products on mixed pallet
SFR23 arrangement/placement on pallet SubU@.5 (Step 1): Product replenishment (applying FIFO principle and overstock Medium
(top to bottom) management)
Recognizeroduct assortment on
SFR24 shelves according to ESLs and pg SubUE2.3 (Step 2): Identification dfie correct destination for the product on the shelf (via Medium
product defined area (by assortmern ESL recognition and assortment plan)
plan)
SER25 Identify the correct destination on| SubUG2.3 (Step 2): Identification of the correct destination for the product on the shelf ( High

the shelf (through ESL) given the

ESL recognition and assortment plan)
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prior recognition of the mixed pallet
and the respective product on the
mixedpallet

SFR26

Inspect the state and replenishmen
feasibility of each package (per
product)

SubUR2.3 (Step 2): Ideiification of the correct destination for the product on the shelf (vi
ESL recognition and assortment plan)
SubUCL.3 (Step 1): Identification of the right position for the product on the shelf

Medium

SFR27

Recogniz¢he mixed pallet

SubU@.2 (Step 1)tdentification of the products on mixed pallet
SubU.3 (Step 2): Identification of the correct destination for the product on the shelf (
ESL recognition and assortment plan)

High

SFR28

Recognize and track humans
trajectory

SubUEL.1 (Step 2)Movement from resting position/charging station to the target
replenishment cart,SubUC.5 (Step 2): Movement back to the resting position/charging
station
SubUR2.1 (Step 2): Movement from resting position/charging station to target destination
replenishment
SubUR.6 (Step 2): Movement back to the resting position/charging station, SthUStep
3): Preparing for loading
SubUE3.4 (Step 2): Movement back to resting position/charging point
SubUEA.1 (Step 2): Movement from resting position/chargimgtion to the target position
SubU&4.2 (Step 4): Preparing for unloading
SubU&4.4 (Step 1): Moving to next Baggage cart
SubUEA.5 (Step 2): Movement back to resting position/charging point

Medium

SFR29

Detects proximity of moving baggag
tractor with loaded carts

SubU®&.2 (Step 1): Preparing for unloading

Medium

SFR30

The robot decides which baggage 1
remove with least disturbance to
surrounding baggage

SubUEA.3 (Step 1): Unloading from Cart to Conveyor belt

High

SFR31

Platform 2D/3D localization

SubUEL.1 (Step 2): Movement from resting position/charging station to the target
replenishment cart
SubUEL.5 (Step 2): Movement back to the resting position/charging station
SubUR2.1 (Step 2): Movement from resting position/charging station to targesttination for
replenishment
SubU&2.6 (Step 2): Movement back to the resting position/charging station
SubUE3.4 (Step 2): Movement back to resting position/charging point
SubUEA.1 (Step 2): Movement from resting position/charging station to the tapgsition
SubU&4.4 (Step 1): Moving to next Baggage cart
SubUEA.5 (Step 2): Movement back to resting position/charging point

High

SFR32

Platform Path planning ability

SubUEL.1 (Step 2): Movement from resting position/charging station to the target

replenishment cart

High




D2.4¢ MANIBOT system technical specificatioml architecture MANIBOT

SubUEL.5 (Step 2): Movement back to the resting position/charging station
SubU@.1 (Step 2): Movement from resting position/charging station to target destinatior
replenishment
SubUR2.6 (Step 2): Movement back to the resting pimsitcharging station

SubUG3.4 (Step 2): Movement back to resting position/charging point
SubUE&A.1 (Step 2): Movement from resting position/charging station to the target positi
SubU&4 .4 (Step 1): Moving to next Baggage cart
SubUEA.5 (Step 2): Movemedrback to resting position/charging point

SFR33

Platform humaraware navigation

SubUEL.1 (Step 2): Movement from resting position/charging station to the target
replenishment cart
SubUEL.5 (Step 2): Movement back to the resting position/chargitagion
SubUR2.1 (Step 2): Movement from resting position/charging station to target destination
replenishment
SubUR.6 (Step 2): Movement back to the resting position/charging station
SubUE3.4 (Step 2): Movement back to resting position/chargingpo
SubUEA.1 (Step 2): Movement from resting position/charging station to the target positi
SubU&4.4 (Step 1): Moving to next Baggage cart
SubU&A.5 (Step 2): Movement back to resting position/charging point

High

SFR34

Ability to move on the pavement
area alongside the conveyor belt

SubUE3.4 (Step 2): Movement back to resting position/charging point
SubU&.1 (Step 2): Movement from resting position/charging station to the target positi
SubU&4.4 (Step 1): Moving to next Baggage cart
SubUE&A.5 (Ste®): Movement back to resting position/charging point

High

SFR35

Ability to step up to the pavement
area (height 15cm) around the
conveyor belt (with or without the
use of a ramp)

SubUE3.4 (Step 2): Movement back to resting position/charging point
SubU&A.1 (Step 2): Movement from resting position/charging station to the target positi
SubU&A.5 (Step 2): Movement back to resting position/charging point

Low

SFR36

Navigate avoiding restricted areas

SubUEL.1 (Step 2): Movement from restiqgsition/charging station to the target
replenishment cart
SubUEL.5 (Step 2): Movement back to the resting position/charging station
SubUR2.1 (Step 2): Movement from resting position/charging station to target destination
replenishment
SubUR2.6 (St 2): Movement back to the resting position/charging station
SubUE3.4 (Step 2): Movement back to resting position/charging point
SubUEA.1 (Step 2): Movement from resting position/charging station to the target positi
SubU&4.4 (Step 1): Moving to neBaggage cart
SubUEA.5 (Step 2): Movement back to resting position/charging point

Medium

SFR37

The robot selects a desired positio
regarding the baggage cart

SubUG3.1 (Step 2): Preparing for loading

SubU®&.2 (Step 3): Preparing for unloading

Medium
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SFR38 Grasp products from boxes SubUECL.4 (Step 6): Replenishment of the shelves High
SFR39 Ability to pick and place single item SubU@2.5 (Step 4): Product replenishment (applying FIFO principle and overstock High
management)
SFRA40 Ability to pick upboxes with max SubU@2.5 (Step 3): Product replenishment (applying FIFO principle and overstock High
weight up to 10 kg management)
SFR41 Ability to pick up boxes without SubU@2.5 (Step 3): Product replenishment (applying FIFO principl@aetock High
damaging them management)
SubUEL.4 (Step 5): Replenishment of the shelves
SFR42 Place the products in the correct SubU@.4 (Step 2): Preparation of the products before replenishment High
positions SubU2.5 (Step 4) Product replenishment (applying FdFiciple and overstock
management)
Place the products that expire earlig SubUEL.4 (Step 5): Replenishment of the shelves )
SFR43 in the front of the shelf ahead of SubU@2.5 (Step 4): Product replenishment (applying R}R@xiple and overstock Medium
newly received items management)
Place the products in a specified _
SFR44 orientation, ensuring the front side SubUEL.4 (Step 5): Replenishment of the shelves Medium
of the product faces the customer
SubUEL.4 (Step 3): Replenishment of the shelves
Place momentarily the boxes on its SubU&2.5 (Step 3): Product replenishment (applying FIFO principle and overstock _
SFR45 equipped table or another interim management) High
storage position SubUC 3.3 (Step 2): Loading of allocated baggage on the cart
SubUC 4.3 (Step 5): Unloading from Cart to Conveyor belt
Manipulate and replenish tear strip
boxes, regular product boxes, SubU@2.5 (Step 2): Product replenishment (applying F3FQciple and overstock Medium
SFR46 wrapped boxes, closed top boxes management)
and brown cardboard boxes
SFRA47 Ability to close and open nested SubU@.5 (Step 2): Product replenishment (applying FIFO principle and overstock Low
shelves, fridges, or freezing units management)
SFR48 m%b;gi{]g; gﬁ?oliﬁ?ﬁiﬁiﬁnaggxe SubUR2.5 (Step 2): Product replenishment (applying FIFO principle and overstock Low
: " management)
and place them in storage position
SFR49 Ab"g'%éﬁ ?hpeei:lccc!?lf:r?t ?:f:ﬁ: U SubU.5 (Step 2): Product replenishment (applying FIFO principle and overstock Low
: management)
corresponding shelves
SER50 Grasp the luggage that is made fro SubUE4.3 (Step 3): Unloading from Cart to Conveyor belt Medium

soft material gently

SubUGE3.3 (Step 4): Loading aeflocated baggage on the cart
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Ability to prepare the products/SKU

Low

or static objects

SFR51 (e.g., removing cardboard or plasti SubU@.4 (Step 1): Preparation of the products before replenishment
foil toppers)
Place misplaced products in an SubUEL.4 (Step 3): Replenishment of the shelves .
SFR52 interim storage position or to the SubU@2.5 (Step 3): Product replenishment (applying FIFO principle and overstock High
cart or to the right shelf position management)
Place the surplus products that SubUEL.4 (Step 7): Replenishment of the shelves )
SFR53 cannotfit on the shelf, in a SubU@.5 (Step 3): Product replenishment (applying FIFO principle and overstock Medium
predefined interim storage position management)
Place the products in the right _
SFR54 positionwithout using a planogram SubUC1.3 (Step 2): Identification of the right position for the product on the shelf Medium
or consult it when it is available
SFRS5 m:tfr(i::I t;‘;gf?ﬁfﬁ;;%i?;gggdc SubUGE3.3 (Stepd): Loading of allocated baggage on the cart Medium
: SubUEA.3 (Step 3): Unloading from Cart to Conveyor belt
soft material
Place the luggage with a distance _
SFR56 between them on the reclaim belt SubUC 4.3 (Step 5): Unloading from Cart to Conveyor belt Medium
for the arrivals
SFR57 Place the luggage within the SubUGE3.3 (Step 4): Loading of allocated baggage on the cart High
boundaries of the belt/cart SubUEA.3 (Step 5, 6): Unloading from Cart to Conveyor belt
SFR58 Handle luggage only for the flight SubUE&4.2 (Step 2): P_reparing for unloading Medium
that has beerallocated to SubUE4.3 (Step 2): Unloading from Cart to Conveyor belt
Ability to restock shelves with SubUEL.4 (Step 5): Replenishment of the shelves |
SFR59 product/SKUs from the pallet (top t SubU@2.5 (Step 2): Product replenishment (applying FIFO principle and overstock High
bottom) management)
SubUEL.4 (Step 3, 5, 6, 7): Replenishmentta shelves
Ability to grasp all types of product SubU.5 (Step 3, 4): Product replenishment (applying FIFO principle and overstoc )
SFR60 within the test sample safely using management) Medium
versatile gripping mechanism SubUGE3.3 (Step 4): Loading of allocated baggage on the cart
SubUEA.3 (Step 5): Unloading from Cart to Conveyor belt
SFR61 Plfecseenrgﬂté(g?tfzﬁ:gg t;o;(ﬁls;;?tm SubU@.5 (Step 5): Product replenishment (applying FIFO principle and overstock Low
management)
located next to the pallet
SFR62 Manlpulatet:]réebt;th;ggge LDCISE SubUE3.2 (Step 5)Recognizing Baggage for assigned flight High
SFR63 I Vel el TSI 1) DUt SubUEL.4 (Step 3, 5, 6, 7): Replenishment of the shelves High
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SubU.5 (Step 3, 4, 5): Product replenishment (applying FIFO principle and oversto
management)
SubUGE3.3 (Step 4): Loading of allocated baggage on the cart
SubUE4.3 (Step 3, 5): Unloading from Cart to Conveyor belt

SFR64

Ability to avoid collisions with itself
in bimanual tasks

SubUECL.4 (Step 3, 5, 6, 7): Replenishment of ghelves

SubU2.5 (Step 3, 4, 5): Product replenishment (applying FIFO principle and oversto
management)

SubUGE3.3 (Step 4): Loading of allocated baggage on the cart

SubUEA.3 (Step 3, 5): Unloading from Cart to Conveyor belt

High

SFR65

Detects theoptimal contact points in
boxes, bags, and products to gras
the item

SubUEL.4 (Step 3,5,6): Replenishment of the shelves
SubU@2.5 (Step 3, 4): Product replenishment (applying FIFO principle and overstoc
management)
SubUE3.3 (Step 4): Loading of allded baggage on the cart
SubU&4.3 (Step 2,3): Unloading from Cart to Conveyor belt

High

SFR66

Robot pauses its current task if
employee or customer is too close {
it

SubUEL.1 (Step 2): Movement from resting position/charging station to the target
replenishment cart
SubUEL.5 (Step 2): Movement back to the resting position/charging station
SubU@.1 (Step 2): Movement from resting position/charging station to target destinatior
replenishment
SubUR2.3 (Step 2): Identification of the correct desttion for the product on the shelf (via
ESL recognition and assortment plan)

SubU@2.4 (Step 1,2): Preparation of the products before replenishment

SubU&2.6 (Step 2): Movement back to the resting position/charging station
SubUE3.4 (Step 2): Movement loé to resting position/charging point
SubUEA.1 (Step 2): Movement from resting position/charging station to the target positi
SubU&4.4 (Step 1): Moving to next Baggage cart

SubUEA.5 (Step 2): Movement back to resting position/charging point

High

SFR67

Robots pauses and resumes task
according to user's command

SubUEL.1 (Step 1): Movement from resting position/charging station to the target
replenishment cart
SubU@2.1 (Step 1): Movement from resting position/charging station to target destindtion
replenishment
SubU&2.6 (Step 2): Movement back to the resting position/charging station
SubUG3.1 (Step 1): Preparing for loading
SubUEA.1 (Step 1): Movement from resting position/charging station to the target positi

Medium

SFR68

Ability to compete restocking tasks
for shelves within a mobility radius
(parameter with default value e.g.,

meters) from the mixed pallet

SubU.3 (Step 1): Identification of the correct destination for the product on the shelf (
ESL recognition and assortmeman)
SubU.5 (Step 3, 4): Product replenishment (applying FIFO principle and overstoc

management)

Medium
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Decides from where it can leave th
SFR69 pavement track (either because it AbUGC3.4 (Step 1): Movement back to resting position/charging point Medium

has been instructed to by the SubUE4.5 (Step 1): Movement back to resting position/charging point
operator or if it needs to be chargeq

SubUEL.1 (Step 1): Movement from restiqpsition/charging station to the target

SER70 User defining replenishment task replenishment cart Medium
and destination SubU&.1 (Step 1): Movement from resting position/charging station to target destinatior;
replenishment
SFR71 | User defining task and destination i SubUG3.1 (Step 1)Preparing for loading Medium
the airport belts SubU&A.1 (Step 1): Movement from resting position/charging station to the target positi
SubUEL.1 (Step 1)Movement from resting position/charging station to the target
User commanding through replenishment cart
SER72 interaction interface the robotto | SubU2.1 (Step 1): Movement from resting position/charging station to target destinatior Medium
move to specified location (shelf o replenishment
belt) SubUG3.1 (Step 1): Preparing for loading
SubUEA.1 (Step 1): Moveent from resting position/charging station to the target positior
SFR73 DGR not_|f|es Hi(e SubUEL.5 (Step 1): Movement back to the resting position/charging station Medium
user about the restocking task . o ; .
progress SubUR2.6 (Step 1)Movement back to the resting position/charging station
SubUEL.2 (Step 1): Identification of the products in the replenishment car
Interaction interface notifies the SubUEL.3 (Step 2): Identification of the right position for the product on the shelf
SFR74 | yser if the robot needs help with the SubU@.2 (Step 1): Identification of the products on mixed pallet Medium

identification of a product, bag, etc/ SubUE2.3 (Step 2): Identification of the correct destination for the product on the shelf (
ESlrecognition and assortment plan)

SubUEL.2 (Step 1): Identification of the products in the replenishment cart

Interaction interface notifies the SubUEL.3 (Step 2): Identification of the righbsition for the product on the shelf )
SFR75 user for help when a product falls o SubU@.2 (Step 1): Identification of the products on mixed pallet Medium
the floor SubUR2.3 (Step 2): Identification of the correct destination for the product on the shelf (

ESL recognition and assortment plan)

SubUEL.3 (Step 1, 3): Identification of the right position for the product on the shelf

SubUEL.4 (Step 1): Replenishment of the shelves High

SubU2.3 (Step 1)tdentification of the correct destination for the product on the shelf (vi
ESL recognition and assortment plan)

Ability to give a signal (either audig
SFR76 or visual) when robot's workspace
invaded by a human

Interaction interface notifies the

SFR77 user when the replenishment SubUEL.5 (Step 2)5 Movement back to the rest!pgsnlor_w/_charglng _statlon_ Medium
; SubUR2.6 (Step 2): Movement back to the resting position/charging station
process is complete
SFR78 Interaction interface notifies the SubUEL.1 (Step 1, 2): Movement from resting position/chargstation to the target Medium

user if any of the processes failed replenishment cart
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SubUEL.2 (Step 1, 2): Identification of the products in the replenishment cart
SubUEL.3 (Step 2, 3): Identification of the right position for the product on the shelf
SubUEL.4 (All Steps): Replenishment of theebles
SubUEL.5 (Step 2): Movement back to the resting position/charging station
SubUR2.1 (Step 2): Movement from resting position/charging station to the target desting
for replenishment
SubU@.2 (Step 2): Identification of the products on mixedetal

Interaction interface notifies the
user about the absence of

SFR79 St anl i in g SubUCL1.3 (Step 2): Identification of the right position for the product on the shelf Medium
the right product position
Interactioninterface alerts when the
SFRS0 bag it is manipulating is out of its SubUE3.3 (Step 4): Loading of allocated baggage on the cart Medium
capabilities (too heavy, too long, nq SubUE4.3 (Step 5): Unloading from Cart to Conveyor belt
handles, out of reach, etc.)
SFR81 Interactlonggget;fgiiuilzrts i SubUG3.2 (Step 6): Recognizing Baggage for assigned flight Medium
The robot alerts the operator if no
SFR82 oﬁi;gi{;? ;?Alljar;tds, i?\;i? fl:]o?r:atrrllgb‘ SubU@4.4(Step 3) Moving to next Baggage cart Medium
operator
SFRS3 Notifies the user through the Ul for SubU@2.5 (Step 4): Product replenishment (applying FIFO principle and overstock Medium
the table/interim storage state management)
Robot stores/retrieves théagtag SubUGE3.2 (Step 3): Recognizing Baggage for assigned flight _
SFR84 information of the placed baggage SubUGE3.3 (Step 5): Loading of allocated baggage on the cart High
in/from the database SubUEA.3 (Step 4): Unloading from Cart to Conveyor belt
Scans barcode and retrieves
sFres | Information of the paper label and SubUEL.3 (Step 2): Identification of the right position for the product on the shelf Medium
checks if it corresponds to the
product to be replenished
SFRS6 Retrieves information about the E§ SubU2.3 (Step 2): Identification of the correct destination for the product on the shelf ( Low
tags ESL recognition and assortment plan)
If a mismatch identified, log the
SERS7 distance between the position of al SubUE2.3 (Step 1): Identification of the correct destination for the product on the shelf ( Low
product in the assortment plan and ESL recognition and assortment plan)
the position of the ESL
SFRSS Keep count of the number of SubUGE3.3 (Step 5): Loading of allocatedggage on the cart High

baggage loaded

SubUEA.3 (Step 4): Unloading from Cart to Conveyor belt
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High

Scans the bag tag (when placing th
baggage) for BTRS (Baggage Trac
and Reconciliation System) purpos

SubUGE3.3 (Step 5): Loading of allocated baggage on the car
SubUEA.3 (Step 4): Unloading from Cart to Conveyor belt

Medium

Records and logs in the database t
products that are not suitable for
restocking (surplus, expired,
damaged)

SubUEL.4 (Step 9): Replenishment of the shelves
SubU@.5 (Step 4)Product replenishment (applying FIFO principle and overstock
management)

Specific Al modules of the robot ar
updated while maintaining
organisation and persons privacy

SubUEL.2 (Step 1, 2): Identification of the products in tieplenishment cart
SubUEL.3 (Step 2, 3): Identification of the right position for the product on the shelf
SubUEL .4 (All Steps): Replenishment of the shelves
SubUR2.2 (Step 2): Identification of the products on mixed pallet
SubUGE3.3 (Step 6): Loading allocated baggage on the cart
SubU&4.3 (Step 7): Unloading from Cart to Conveyor belt

High

The outputs of specific Al modules
the robot are explained through the
Ul (User Interface)

SubUEL.2 (Step 1, 2): Identification of the products in tleplenishment cart
SubUEL.3 (Step 2, 3): Identification of the right position for the product on the shelf
SubUEL.4 (All Steps): Replenishment of the shelves

SubUR.2 (Step 2): Identification of the products on mixed pallet

SubUGE3.3 (Step 6): Loadirmf allocated baggage on the cart
SubUE4.3 (Step 7): Unloading from Cart to Conveyor belt

High
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5 Functional View of the MANIBOT System

This chapter presents a functional view of the system architecture. The system's architgotarBes the
components and their functionalities. A description of the system's functional structure is provided,
demonstrating how the system performs the required functions. The functional structure usually consists of
external entities, interfaces,onnectors, and functional elements.

Established system components with specific capabilities that expose defined interfaces that enable them to
be connected to other components are characterized as functional elements. Applications, collection of data,
software modules, and subsystems are all regarded as functional components. Interfaces are specifications
that specify the information exchange between two components. An interface, which is defined by the
inputs, outputs, the operation offered, and the éraction required for the operation, allows another
component to access the functions of another component. Software applications, hardware components, or
any other entity with which the system communicates are examples of external entities. They aredefer

to as dependencies on other components or systems.

The MANIBOT system's functional components are introduced in the sections below, along with how they
relate to one another. Their primary functions are explained, along with how they depend on other
components. Figure 5 provides the functional architecture of the MANIBOT system. The conceptual
architecture shown in Section 3 is converted into software modules and dependencies in this figure. Headed
linesindicate the directed dependencies between the modules. The WP of each module has been indicated
by colours, specifically:

1 WP3 module are orange

WP4 modules are green

WP5 modules are blue

WP6 modules are purple

Modules that belong to more than 2 WP areid without filled boxes.

= =4 =4 4 -4

The MANIBOT system consists of 19 functional components which are listed below:

9 Visual Sensing Modulef Y Section 5.1
0 Obiject Detection Module (T3.1)
0 6DoF Object Pose Estimation Module (T3.1)
0 Human Pose Estimation and Tkang Module (T3.5)
9 Tactile Sensing Modul&/ (B (T3.4)- Section 5.2
o Contact Pose and Force Estimation Module
o Contact Detection Module
9 Predictive Proximity Sensing Moduie Y (T3.5) Section 5.3
0 Human Detection Module
0 Human Intention Predictor
I Multimodal Sensing Orchestration ModuleER T)(T3.6)- Section 5.4
0 Robot Platform Proprioceptive Data Analyzer
Robot Platform Exteroceptive Data Analyzer
Multimodal Data Orchestrator
Target Object Semantic Segmentation Module (T3.2)
Predictive Structurdhference Engine (T3.3)
9 Visual Scene Understanding Module=(R T)+ Section 5.5
0 Target Object Semantic Segmentation Module (T3.2)

(0)
(0]
(0]
(0)
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0 Predictive Structural Inference Engine (T3.3)
1 Federated XAl Module (1) (T3.7)- Section 5.6
o Federated Learning Module
o Explanable Al (XAl) Module
I Mobile bimanual lowlevel controller (UBU) (T6.4)Section 5.7
0 Motion Control Module
o Bimanual Control Module
o Conveyor Belt Control Module
I Robot Navigation Module (ERT){(T4.1)- Section 5.8
0 Localization Module
0 Global Planning Made
0 Local Planning Module
9 Multi-modal adaptive control Module*(UTH — Section 5.9
o Bimanual Manipulation Primitives Controller (T4.4, T4.5)
0 Unimanual Manipulation Primitives Controller (T4.4, T4.5)
0 Grasping Controller (T4.5)
1 Mobile Bimanual CoordinatioModule ( ) (T4.2)-Section 5.10
o Dual Arm and Mobile Platform Coordinator
o Performance Optimization Module
o Collision Avoidance Module
I Contact Reaching Modul2(JTH (T4.3)- Section 5.11
o Contact Selection Planner
o Contact Reaching Controller
9 HybridControl Module £ ) (T4.6)- Section 5.12
0 Hybrid Controller
1 Adaptive Modelling Module({ H(T5.1)- Section 5.13
o0 Semantic 3D SLAM module
0 Operational Environments Adaptable Model Generator
o Lifelong Semantic Adaptation Module
9 Scene & Task Graph GenermadUD9J (T5.2)- Section 5.14
0 Scene Graph Generator
0 Task Graph Generator
o0 Grounding Module
o Primitive Sequencing Module
9 Learning to Plan from Demonstrations ModuleJ(OJ (T5.3)- Section 5.15
o Hybrid RL Higlevel Planner
0 Lowlevel Primitives Adapter
9 Adaptive Task Plannerl(DJ (T5.4)- Section 5.16
0 Manipulation Task Assessment & Adaptation Module
0 Recovery Strategies Enforcer
I Bimanual Manipulations Orchestrator (D9 (T5.5)-Section 5.17
o Highlevel Task Orchestrator
0 Natural Language Feedback Intzigr
1 MANIBOT HRI InterfacE R T){T5.6)- Section 5.18

AN

o HRIGUI
o Backend server
o0 AR Module

0 Task Scheduling and Monitoring Module
I Data Management Module{( )= Section 5.19
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o0 HRI Data Manager (T5.6)
0 Robotic Platform Data Manager (T6.1)
0 Federated_earning Data Manager (T3.7)

MANIBOT

Data Management Module (T5.6, T6.1, T3.7)

> Generator (T5.2)

Visual Scene
L -

Im::;‘::}gz" Adaptive Task Planner (T5.4)
Learning to Plan from - 5
Demonstrations Module I I T
Multimodal Sensing (T5.3)
Orchestration Module (T3.6) Bi-manual Manipulators Orchestrator (T5.5) : Scene & Tack
| | Graph

v

Module (3.2, T3.3)

Visual Sensing Module

(T3.1,T3.5)

r'y

MANIBOT Robotic Platform

i

Robot

Module (T4.1)

Adaptive Modelling
Module (T5.1)

1 s
* 4 A4
Predictive Proximity Multi-modal Adaptive -
ing Module (T3.5) 3 Control Module (T4.4, T4.5) Contact Reaching
Module (T4.3)
Federated XAl Module t
(T3.7) v v 4
Tactile Sensing Module Mobile Bimanual Coordination Hybrid Control Module
(T3.4) Mobile Bimanual Low-level Module (T4.2) (T4.6)
Controller (T6.4)

Data Management Module (T5.6, T6.1, T3.7)

Figure5 MANIBOT Functional Architecture

5.1 Visual Sensing Module
Description

The Visual Sensing Module utilizes the feedback from the optical sensors of the MANIBOT platform to
enhance the roboperception of the working environment by applying to the acquired RGBD data machine
learning methods for redime object detection and 6DoF pose estimation in cluttered scenes, while
detecting and tracking the 3D pose of humans in the area near the robot.

Main Functionalities

The Visual Sensing Module is a perception module that allows the detection and identification of multiple
unknown objects within an image, which enhances the MANIBOT platform's perception capabilities. This
module precisely calculaseeach object's six degrees of freedom (6DoF) pose with respect to the camera's

or robot's reference frame by using cuttiegige computer vision techniques. By providing the 3D pose of

the human skeleton, including the positioning of joints and links, alsot hi n t he camer a’
reference frame, the module provides thorough insights into human presence and interaction.

40
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Internal Components

Visual Sensing Module

=1
Object Detection Module

]
6DoF Object Pose Estimation Module

™|
Human Pose Estimation and Tracking Module

The Visual Sensing Module consists of the following internal components:
Object Detection Module

- ObjectDetection Module utilizes deep neural networks that take as input pairs of RGB and Depth
images and detects multiple instances of objects of interest in cluttered scenes (e.g. retail items on
the racks of the supermarket).

6DoF Object Pose Estimation Modul

- 6DoF Object Pose Estimation Module is responsible for estimating the pose of the detected objects
of interest in order to facilitate their mani
pose will be defined using generic object models atgaty level.

Human Pose Estimation and Tracking Module

- Human Pose Estimation and Tracking Module will utilize RGBD information of the human workers
near the robot in order to first detect and then track in réiahe the pose of the workers in 3D space.
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Dependencies to other components

Visual Sensing Module I
____________ > Predictive Proximity Sensing Module
=
Object Detection Module 4
é """"" > Multimodal Sensing Orchestration Module
]
6DoF Object Pose Estimation Module I
F ity Visual Scene Understanding Module
————= —
Human Pose Estimation and Tracking Module | | __. > Federated XAl Module

]
____________ = Robot Navigation Module

Visual Sensing Module interacts with the following components:

Predictive Proximity Sensing Module (To)

- This component expects input from the Visual Sensing Module in order to utilize the detected human
pose for the humarntention prediction.

Multimodal Sensing Orchestration Module (From/To)

- The interaction between the Visual Sensing Module and Multimodal Sensing Orchestration Module
is essential in order to orchestrate the priorities between the different perception Hitbea

Visual Scene Understanding Module (To)

- The Visual Sensing Module provides crucial information that contributes to the environment's
semantic understanding. With the aid of this input, the Visual Scene Understanding Module is able
to produce segmeration maps and evaluate the visual affordances of the objects it has detected,
leading to a more thorough understanding of the objects' interactions and relationships with one
another within the scene. Furthermore, the Visual Sensing Module's structutalfailitates the
estimation of underlying structural relations between objects, which allows the Visual Scene
Understanding Module to efficiently utilize machine learning techniques.

Federated XAl Module (To)

- The Federated XAl Module uses federatednéay algorithms, which take input by detailed visual
data generated by the Visual Sensing Module. By processing this visual data, the Federated XAl
Module makes sure that users receive insights from the robot's visual perception in an
understandable way, tich promotes mutual trust and understanding.

Robot Navigation Module (To)

- The Robot Navigation Module receives vital spatial data from the Visual Sensing Module to assist in
obstacle detection and avoidance. The navigation system can create an ac@pasantation of
the surroundings utilizing this data. The Visual Sensing Module enables the Robot Navigation Module
to adapt to dynamic changes in the environment, such as the presence of new objects or moving



D2.4¢ MANIBOT system technical specificatioml architecture MANIBOT

obstacles. This collaborative relationshipsares that the MANIBOT platform navigates safely and
efficiently.

Addressed Requirements

Requirements ID| Description

SFRO1 Recognize the product to be replenished

SFR02 Recognize expired and damaged products

SFRO03 Recognize the replenishment cart

SFR04 Recognize dimensions and orientation of each product per box

SFRO5 Recognize dimensions and orientation of boxes per pallet

SFRO06 Recognize the type of box

SFRO7 Recognize electronic shelf labels and extract content

SFRO08 Recognize the remaining spage shelves

SFR09 Detect the appropriate baggage cart

SIRL0 Detects moving baggage on the conveyor belt

SFR1 Recognize the front side (i.e., customer facing side) for each box

SFR2 Detects each baggage separately identifying its shape and dimensions

SFR3 Recognizénow many boxes of a specific product item can fit on the shelf

SFR4 Recognizevhen a baggage cart is full or empty

SFR5 Recognizelamaged luggage for the arrivals

SFR6 Recognizeéhe luggage material (soft or hard)

SFRT Ability to determine the optimal quantity of products for placement at the forefront ¢
the shelf

SFR8 Recognizenisplaced products on the shelves

SERY :?ecognizehe free space at the target destination (baggage cart or belt) to place thg
uggage

Performsquality check on products (flowers are not withered, fruits and vegetables
not deviated)

SFR1 Recognizs the location for the baggage placement

Recognizéhe proximate area and shelves and compare the predefined assortment
planogram with the actual placement of the ESLs

SFR3 Recognizéoxes' arrangement/placement on pallet (top to bottom)
Recognizeroduct assortment on shelves according to ESidsper product defined

SFRO

SFR2

SFR4
area (by assortment plan)

SERS Identify the correct destination on the shelf (through ESL) given the prior recognitig
the mixed pallet and the respective product on the mixed pallet

SFR6 Inspect the state and replenishmefdasibility of each package (per product)

SFR7 Recognizéhe mixed pallet

SFR028 Recognize and track humans trajectory

SFR029 Detects proximity of moving baggage tractor with loaded carts

SFR66 Robot pauses its current task if employee or customé&osclose to it
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5.2 Tactile Sensing Module

Description

The Tactile Sensing Module utilizes the feedback from the-tagblution optical tactile sensors of the
MANIBOT platform to infer information on contact pose and force from supervised deep learnirggsmod
which may then be used to better inform grasping and manipulation protocol.

Main Functionalities

The Tactile Sensing module allows for contact force and pose to be inferred to a high accuracy. It can also be
used for the inference of more fundamentthtes such as the presence of contact, or slip detection.

Internal Components

I
Tactile Sensing Module

™|
Contact Pose and Force Estimation Module

™|
Contact Detection Module

Contact Pose and Force Estimation Module

- This module takes an input of the current tactile image and infers contact pose and force from the
output of a deep neural network.

Contact Detection Module

- Using an image similarity measure, this module compares the current tactile image to a base state
tactile image to detect contact to high sensitivity and for relatively low computational cost.
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Dependencies to other components

Tactile Sensing Module

"
Contact Pose and Force Estimation Module 1
"""""" = Predictive Proximity Sensing Module
{_._._._._-_
=]
Contact Detection Module ]
"""""" = Mobile bimanual low-level controller

Predictive Proacimity Sensing Module (From/To)

- The tactile and proximity sensing modules are expected to work together to provide proprioceptive

information specific to the grasping and handling of objects.

Mobile bimanual lowlevel contrdler (To)

- Since theactile information will inform of any minor grasp adjustments which may need to be made
as the object is handled, the controller responsible for moving the arm/gripper will require input

from the tactile sensing module.

Addressed Requirements

RequirementdD | Description

SFR16 Recognize¢he luggage material (soft or hard)

SFR38 Grasp products from boxes

SFR39 Ability to pick and place single items

SFR40 Ability to pick up boxes with max weight up to 10 kg

SFR46 Manipulate and replenish product boxes

SFR47 Ability to close and open nested shelves, fridges, or freezing units

SFR48 Ability to grab newspapers and magazines enclosed in brown boxes and place the
storage positions

SFR49 Ability to open closed boxes and stock their content in the c@wasling shelves

SFR50 Grasp the luggage that made from soft material gently

SFR51 Ability to prepare the products/SKUs (e.g., removing card box or plastic foil toppers

SFR59 Ability to restock shelves with product/SKUs from the pallet (top to bottom)

SFR60 Ability to grasp all types of products within the test sample safely using a versatile
gripping mechanism

SFR62 Manipulate the baggage to detect the bagtag
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5.3 Predictive Proximity Sensing Module

Description

The Predictive Proximity Sensing modafethe MANIBOT platform uses data from proximity capacitive
based sensors (T6. 2) to enhance robots’ awarenes
analyzing the collected timeseries data and applying maele@iaming techniques, to detect andack

humans in reatime.

Main Functionalities

The module is responsible for detecting and tracking humans for safety reasons. In the first case, the module

analyzes the signal retrieved from the Is,pawsredr ' s a
by machine |l earning algorithms, performs dedicate
intentions.
Internal Components
I
Predictive Proximity Sensing Module
al
Human Detection Module
M|
Human Intention Predictor Module
The Predictive Proximity Sensing Module consists of the following internal components:
Human DetectionModule
- The Human Detection Module utilizes deep neural networks that take as input-vaulite
timeseries signal from the array of capacitivased proximity sensors and classifies them as a human
or nc-human detection.
Human Intention Predictor Module
- The function of the Human I ntention Predictor

the ultimate goal of enhancing collaboration between humans and robots.
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Dependencies to other components:

————
Predictive Proximity Sensing Module
o]
Human Detection Module 1]
&t
R T . h ;
Visual Sensing Module | ________ ] U Sensing Orcl Meodule |
[a]
Human Intention Predictor Module ‘ o
e Tactile Sensing Module |

Visual Sensing Module interacts with the followommponents:
Visual Sensing Module (From)
- This component provides input to the Human Intention Predictor Module in order to utilize the
detected human pose for empowering the human intentions prediction.
Multimodal Sensing Orchestration Module (From/To)
- Theinteraction between the Predictive Proximity Sensing Module and the Multimodal Sensing
Orchestration Module is essential to orchestrate priorities between different perception modalities.
Tactile Sensing Module (To)

- The interaction between the Predictieroximity Sensing Module and the Tactile Sensing Module
could be useful to support, if combined, psbaping of manipulators and grippers before contact
and tactilebased actions happen.

Addressed Requirements

Requirements ID| Description

SFR028 Recognizeind track humans trajectory

SFR63 Ability to avoid collision with moving or static objects

SFR66 Robot pauses its current task if employee or customer is too close to it

5.4 Multimodal Sensing Orchestration Module
Description

The Multimodal Sensing Orchestration Module will rely on cloksap reattime feedback from multiple
sensors, including proprioceptive (such as IMU and force/torque sensors), and exteroceptive (like visual,
tactile and proximity sensors) to continuously beaavof the object, task, environment and robot state. The
data will be used to steer actions and affect behavior change bylbigh adaptive sensing in the robot to
meet perceptual targets. Combined, the importance and efficiency of each sensor modilitpe
dynamically weighted i.e., the most necessary ones get a priority in control loop which closely resembles to
that of /as similar to person.
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Main Functionalities

The module multiple sensors which specializes on different modalities such as testiée,
proximity, inertial, and force data for interactive closkap control in concurrency with its
environment and area of focus. The overhead s
tasks that need to be performed. It maintains activeveillance of changing real time inputs and
awareness of the task and objects to be manipulated. Synthesizingdvghcommands involves

the processing of most relevant sensor inputs in a stage fashion from the use of vision toward

touch of the obgct. Also, the system measures and suggests the internal forces and torques to be
exercised towards safe and proper operation.

Internal Components

Multimodal Sensing Orchestration Module

a1l

Robot Platform Propricoceptive Data Analyser

|

Robot Platform Exteroceptive Data Analyser

Multimodal Data Orchestrator

The Multimodal Sensing Orchestration Module consists of the following internal components:

Robot PlatformProprioceptive Data Analyser
- Robot Platform Proprioceptive Data Analyser processes internal sensory data (e.g. IMU, force,

torque) from the robot itself. I't monitors th
stability, balance andsafeper at i on. Provides feedback for <co
and adjusting behavior based on internal conditions.

Robot Platform Exteroceptive Data Analyser
- Robot Platform Exteroceptive Data Analyser processes the external sensory data (e.g. visual, tactile,
proximity) related to t he emsords@ropersintemctioniwithotheme n t
environment, adjusting the robot's actions in respongereal time environmental changes by
tracking objects, measuring distances etc.

Multimodal Data Orchestrator
- The Multimodal Data Orchestrator integrates and prioritizes data from both proprioceptive and

exteroceptive anal yz e rnsakinggrocgss.ilTdantichllg assigndweightss d
to different sensor inputs based on task relevance and context. It coordinates sensor data to optimize
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reaktime cortrol and action selection, ensimg smooth transitions and enabling adie behavior
in conplex tasks.

Dependencies to other components

I
[ | Multimodal Sensing Orchestration Module [ ]
Visual Sensing Module l ________ N """")f Scene & Task Graph Generator |
=
Robot Platform Proprioceptive Data Analyser Y |
. & e s Multi-modal adaptive control Module |
‘ Tactile Sensing Module |' """" B |
Robot Platform Exteroceptive Data Analyser I |
4”,,7”, Contact Reaching Module |
I
Multimodal Data Orchestrator | [ |
7777 Predictive Proximity Sensing Module |
- |
e >,[ Hybrid Control Module |
—
R, ),[ Bi-manual Manipulations Orchestrator |

Multimodal Sensing Orchestration Module interacts with the following components:
Visual Sensing Module (From)

- This module supplies tHdultimodal Sensing Orchestration Module with the visual inputs. It ensures
the system has the necessary visual information to detect and recognize objects and their features
in the environment.

Multi -modal adaptive control Module (To)

- This component expects input frome Multimodal Sensing Orchestration Module to plan the
manipulation scheme. It adapts the robot's actions dynamically based on the sensor inputs to
optimize task execution.

Tactile Sensing Module (From)

- This component providdactile inputs to the Multimodal Sensing Orchestration Module. It captures
reaktime toudch and pressure data, ensuring precise handling during physical interactions with
objects.

Predictive Proximity Sensing Module (From/To)

- This module will collaborate with Multimodal Sensing Orchestration Module to enable adaptable
safety during robot operabn. It allows the robot to anticipate potential collisions and adjust its
movements accordingly.

Contact Reaching Module (From/To)

- The safe and efficient object manipulation is ensured with the cooperation of this component with
the Multimodal Sensing Ohestration Module.It guarantees proper contact with objects while
maintaining stability and precision during manipulation.

Hybrid Control Module(From/To)
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- The Multimodal Sensing Orchestration Module and Higorid Control Modulecomponents are
interactingin order to prioritize the tasks that need to be executé@this coordination ensures task
sequences are handled efficiently, adapting to changing environmental conditions.

Scene & Task Graph Genera{dio)

- This component expects input from the Multimo@sdnsing Orchestration Module to determine how
the manipulation will be achievedt formulates the baséevel actions required for mobile
manipulation, ensuring smooth coordination of robot movements.

Bi-manual Manipulations Orchestrator (From/To)

- The colhboration between Bmanual Manipulations Orchestrator Module and Multimodal Sensing
Orchestration Module is crucial for ensuring safe and effective manipulation of target oljects.
synchronizes the actions of both arms for complerbnual tasks.

Addressed Requirements

Requirements ID| Description

SFR16 Recognizeéhe luggage material (soft or hard)
SFR028 Recognize and track humans trajectory

SFR38 Grasp products from boxes

SFR39 Ability to pick and place single items

SFR40 Ability to pick upboxes with max weight up to 10 kg
SFR46 Manipulate and replenish product boxes,

SFR38 Grasp products from boxes

SFR39 Ability to pick and place single items

SFR40 Ability to pick up boxes with max weight up to 10 kg
SFR46 Manipulate and replenisproduct boxes

SFR62 Manipulate the baggage to detect the bagtag
SFR66 Robot pauses its current task if employee or customer is too close to it

5.5 Visual Scene Understanding Module
Description

The Visual Scene Understanding Module utilizes the feedback from the optical sensors of the MANIBOT
platform to achieve a) understanding of semantic information of target objects including segmentation maps,
visual affordances and b) estimation of the unglang structure and structural relations between objects in
scenes, using machine learning techniques involving processing of visual data.

Main Functionalities

The module provides segmentation and visual affordance maps for various manipulationsaetiah
structure graphs containing the structural relations between objects which are viewed by the camera
sensors. This graph contains connections between objects, representing the structural dependencies
between them.
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Internal Components

Visual Scene Understanding Module

|

Target Object Semantic Segmentation Module

|

Predictive Structural Inference Engine

The Visuabcene Understanding Module consists of the following internal components:
Target Object Semantic Segmentation Module

- Target Object Semantic Segmentation Module is in charge of estimating the affordance grounding
of detected target objects and determiningdir semantic structure to optimize them for robotic
manipulation.

Predictive Structural Inference Engine

- Predictive Structural Inference Engine Module is responsible for estimating the structural relations
between the detected objects of interest in orderfacilitate an understanding of the underlying
scene structure and dynamics. The structural relation information will be represented as a directed
graph structure.

Dependencies to other components

Visual Seene Understanding Module

al

| Target Object Semantic Segmentation Module |

Scene & Task Graph Generator |""'>

Visual Sensing Module

[ 4]

| Predictive Structural Inference Engine ‘

The Visual Scene Understanding Module interacts wighfollowing components:
Scene & Task Graph Generai&irom)
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- The Visual Scene Understanding Module will pro@dene & Task Graph Generatwith semantic,
affordance and structural information of the scene, to be used for planning the manipulation actions

Visual Sensing Module (To)

- The Visual Scene Understanding Module will receive detected object location and pose information
from Visual Sensing Module to facilitate the affordance grounding and structure relation estimation
of the given objects.

Addressed Requirements

Requirements 1D

Description

SFR21

Recognizs the location for the baggage placement

The robot decides which baggage to remove with least disturbance to surrounding

SFRO030
baggage
SFR59 Ability to restock shelves with product/SKifdsm the pallet (top to bottom)
SFR62 Manipulate the baggage to detect the bagtag
SFR65 Detects the optimal contact points in boxes, bags and products to grasp the item

5.6 Federated XAl Module

Description

This module offers federated learning artkplainable Al capabilities to the MANIBOT platform and
specifically to the perception modules in an efficient manner, while ensuring privacy, transparency, and trust

for the end users.

Main Functionalities

Its main functionalities include:

- Federated leaning: This allows training machine learning models across multiple

decentralized entities, such as devices/robots or servers, without centralizing data, ensuring

privacy.

- Explainability: This allows interpreting/explaining machine learning model inference results,
enhancing their transparency, reliability, and trustworthiness.
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Internal Components

|
Federated XAl Module

™|
Federated Learning Module

=
Explainable Al XAl Module

The Federated XAl Module consists of the following internal components:
Federated Learnin/lodule

- This module facilitates collaborative model training across distributed devices/robots while
preserving data privacy. Its main functionalities include (i) distributed training by conducting model
training locally on edge devices without the need éentralized data collection, (ii) data privacy
preservation by keeping data on local devices and only sharing model updates, and (iii) model
aggregation by combining locally trained models into a global model using established or novel
aggregation techigjues such as FedAvg and FedProx.

Explainable Al (XAl) Module

- This module aims to enhance transparency and interpretability in machine learning models. The
module builds upon existing interpretability techniques by utilizing established methods such as
SHAP LIME and LRP to provide insights into model predictions and offers model explanation by
generating humarunderstandable explanations for model decisions, enabling users to comprehend
the rationale behind predictions.

Dependencies to other components

]
Federated XAl Module

[a}
| Federated Learning Module |

Visual Sensing Module t"">

MANIBOT HRI Interface

Al
| Explainable Al XAl Module |
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The Federated XAl Module interacts with the following components (WIP):
Visual Sensing Modulérom)

- This component needs the deep learning models to be created and developed for the visual sensing
module for:
o Providing a federated mechanism for traininglloé perception modules.
o Providing insights for how the perception models work through explainability.

MANIBOT HRI Interface (To)

- This component will provide the HRI interface the outcome of the explainable Al module.

Addressed Requirements

Requirements ID | Description

Specific Al modules of the robot are updated while maintaining organisation and
persons privacy

The outputs of specific Al modules of the robot are explained through the Ul (User
Interface)

SFR1

SFR2

5.7 Mobile bimanual lowlevel controller
Description

The lowlevel controller for the mobile bimanual robot manages and coordinates the actions required to
control the movement of the mobile platform, the robotic arms and the conveyor belt. It translates high
level instructions into precise commads for the actuators, ensuring stability, accuracy, and synchronization
in manipulation and movement tasks. This controller is designed to respond to sensor signaldimereal
dynamically adjusting the robot's movements based on environmental conditiod specific tasks.

Main Functionalities

1 Mobile Platform Movement ControlAt a low level, the platform is controlled through longitudinal
and angular velocity commands, and it will also provide feedback on the AGV's current state,
including actual logitudinal and angular velocities.

9 Bimanual CoordinationSynchronizes the movements of both robotic ammsl linear actuatoror
complex manipulation tasks, such as grasping and moving objects of different sizes and weights. The
arms receive and returnsint coordinates as feedback on the robot's overall state. There will be two
separate interfaces: one for Robot 1 and another for Robot 2, each handling its respective arm.

1 Conveyor Belt Control on the Platforn€ontrols the conveyor belt system via thesgmn of two
actuators. It will also provide status information, including potential errors or operational states,
ensuring smooth coordination between the actuators and the belt's functionality.
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Internal Components

MANIBOT

Mobile Bimanual Low-Level Controller

=1

Metion Contral Module

™|

Bimanual Contrel Module

]

Conveyor Belt Control Module

1 Motion Control Module: Responsible of motor control to ensure a smooth speed trackintpe

mobile platform

1 Bimanual Control ModuleManages the coordination of both robotic armasd linear actuators
ensuring precise synchronization for joint manipulation taskexecuted Y the higher level control

modules

1 Conveyor Belt Control ModuleControls the two actuators responsible for the position, and

movement

of

t he

conveyor

bel

t

on the platforn

providing feedback on its positioapeed, and any error that may occur during operation.

Dependencies to other components

—

| Data Management Module t"")

—

| Mobile Bimanual Coordination Module |‘"">

—

| Adaptive Task Planner

Mobile Bimanual Low-Level Controller

—

‘ Motion Control Medule

[ 4]

‘ Bimanual Control Module

[al

‘ Conveyor Belt Contrel Medule

22:2;1 MANIBOT HRI Interface

1 Data Management Module (From)he controller depends on data provided by proximity, tactile,
and vision sensors to adjust movements and ensure safe manipulation.
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1 Mobile Bimanual Coordination Module (FromReceives global task instructions and translates
them into lowlevel commands. The higavel system handles overall planning, while the-lewel
controller executes specific actions.

1 Adaptive Task Planner (FromiRelies on the battery and charging management system to ensure
the robot has enough power to complete its tasks without interruptions.

 MANIBOT HRI Interface (To/FromAlthough not directly related, the controller interacts with
interfaces that allow opetars to monitor and adjust the robot's actions in reghe.

Addressed Requirements

Requirements ID | Description

SFR64 Ability to avoid collisions with itself in bimanual tasks

SFR66 Robot pauses its current task if employee or customer is too close to it
SFR67 Robots pauses and resumes tasks according to user's command

5.8 Robot Navigation Module
Description

The Robot Navigation Module creates the MANIBOT robot's navigation framework and provides a safe
human aware, obstaclree navigation.

Main Functionalities

This module's primary function is to generate a huraavare, obstacldree path that should be respectfully
followed. The global trajectories that are generated encounter constant updates to prevent any potential
freezing issues with theobot. The module creates obstadiee local trajectories that enable the robot to
follow a predetermined global path.
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Internal Components

Robot Navigation Module

=1

Localization Module

=1
Global Planning Module

]

Local Planning Module

The Robot Navigation Module consists of the following internal components:
Localization Module

- The module provides centimetéevel accuracy and robustness in dynamic environments by
combining landmarkbased localization with VSLAM. The purpose of this module is to give the
platform a precise localization system so that the robot can navigate safely

Global Planning Module

- The module provides a path followed by the platform and infers trajectories that consider human
comfort and that the robot should kindly follow. The route that the global planner designs takes into
account the possibility of hunmaexistence, fixed physical obstacles and possible restricted areas in
the environments. When no feasible path exists, the global planner also reroutes.

Local Planning Module

The local planner provides local paths to the platform that follow the glpbth created by the global
planner. The local planner module avoids static and dynamic obstacles by using LIiDAR data, dynamic
costmaps with varying resolutions and rdiahe traversability estimation. It also takes into account each
infrastructure's limitéions and regulations.
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Dependencies to other components

Robot Navigation Module

[ A

Localization Module |

r l‘1|
Human Detection Module """} Global Planning Module |
-‘1|

Local Planning Module |

Robot Navigation Module interacts with the following components:
Human Detection Module (From)

- The Human Detection Module utilizes RGBD information to detect and estimate the pose and the
possibletrajectories from the humans. The Robot Navigation Module uses the human poses
estimated by this module to infer global af@tal humaraware trajectories.

Addressed Requirements

Requirements ID | Description

SFRO0O31 Platform 2D/3D localization

SFRO032 Platform Path planning ability

SFRO033 Platform humaraware navigation

SFR034 Ability to move on the pavement area alongside the conveyor belt

SFRO35 Ability to step up to the pavement area (height 15cm) around the conveyor belt (wi
without the use of a ramp)

SFR036 Navigate avoiding restricted areas

SFR037 The robot selects a desired position regarding the baggage cart

5.9 Multi-modal adaptive control Module
Description

The Multimodal Adaptive Control Moduli®rms the core of the MANIBOT¢ésntrol architecture, enabling
sophisticated manipulation capabilities. This module adapts to various environmental conditions and task
requirements by employing advanced control strategies that integrate sensory feedback to optimize
manipulation and graspg actions.

Main Functionalities
The module primarily enhances the robot's ability to perform complex manipulation tasks through adaptive

control mechanisms. It supports dynamic adaptation of manipulation strategies based dmreaensory
data, ensung high precision and reliability.
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Internal Components

I
Multi-Modal Adaptive Control Module

=1

Bimanual Manipulation Primitives Controller

]

Unimanual Manipulation Primitives Controller

]

Grasping Controller

The Multtmodal Adaptive Control Module consists of the following internal components:
Bimanual Manipulation Primitives Controller

- The Bimanual Manipulation Primitives Controller is responsibl¢hfogeneration and execution of
manipulation tasks requiring both arms, e.g., the manipulation of luggage or large containers in the
supermarket. It is related to both T4.4 and T4.5.

Unimanual Manipulation Primitives Controller

- The Unimanual Manipulationriitives Controller is responsible for the generation and execution
of manipulation tasks requiring just one arm or the synchronous movement of the two arms. Such
tasks include the manipulation of small items in the supermarkets. It is related to batlaid T4.5.

Grasping Controller

- The Grasping Controller is responsible for the execution of the grasping primitive. It executes bot
unimanual grasps of small objects as well as bimanual grasps of large objects. It also responsible for
the grasping ofuggage handles.

Dependencies to other components

]
Multi-Modal Adaptive Control Module
~ —
. | Bimanual Manipulation Primitives Controller | """ Mobile Bimanual Coordination Medule |
‘ Visual Sensing Module ”’ >
I
. h
| Unimanual Manipulation Primitives Controller ‘ 73| Hybrid Control Module |
=]
Tactile Sensing Medule |‘""=;h =
[ Al
| Grasping Controller ‘ (Z'.'_'_?I Adaptive Task Plammer |

Visual Sensing Module (From)
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The 6dof pose of the objects is required to execute all primitives. For the grasping controller, information
about grasping affordances and luggage handle locatioedessary.

Tactile Sensing Module (From)

- Information about the contact normal vector and force is required for the successful execution of
the manipulation primitives

Mobile Bimanual Coordination ModuléTo)

- The generated control signals will be passedtite Mobile Bimanual Coordination Module, to
execute those trajectories respecting the workspace constraints utilizing the redundant degrees of
freedom.

Hybrid Control Module(To)

- The Hybrid Control Module receives the signal generated by this module ¢essfally guarantee
the smooth transition between sequential primitive motions.

Adaptive Task Planner (From / To)

- The Adaptive Task Planner will command the beginning of each primitive motion, to achieve the
manipulation task. It will also need to receigesignal of each low e v e | primitive
completion.

Addressed Requirements

Requirements ID | Description

SFR038 Grasp products from boxes
SFR039 Ability to pick and place single items
SFR040 Ability to pick up boxes with max weight up to 10 kg
SFR041 Ability to pick up boxes without damaging them
SFR042 Place the products in the correct positions
SFR043 F’Iace the products that expire earlier in the front of the shelf ahead of newly recei
items
Place the products in a specifiedentation, ensuring the front side of the product
SFR044
faces the customer
SFR045 Place momentarily the boxes on its equipped table or another interim storage pos
SFR046 Manipulate and replenishroduct boxes
SFRO050 Grasp the luggage that made frasoft material gently
SFRO051 Ability to prepare the products/SKUs (e.g., removing cardbox or plastic foil topper
SFRO52 Place misplaced products in an interim storage position or to the cart or to the rigk
shelf position
SFRO53 Pla(_:(_e the surpluproducts that cannot fit on the shelf, in a predefined interim storag
position
Place the products in the right position without using a planogram or consult it wh
SFR054 . .
is available
SFR055 Place the luggage made of hard material below the luggaade of soft material
SFR056 Place the luggage with a distance between them on the reclaim belt for the arrival
SFR057 Place the luggage within the boundaries of the belt/cart
SFR058 Handle luggage only for the flight that has been allocated to

SFR059 Ability to restock shelves with product/SKUs from the pallet (top to bottom)
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Ability to grasp all types of products within the test sample safely using a versatilg

SFRO060 o .
gripping mechanism

SFRO61 Place empty (cardboard) boxes from replenished itéms a bin cart located next to
the pallet

SFR062 Manipulate the baggage to detect the bagtag

5.10 Mobile Bimanual Coordination Module

Description

The Mobile Bimanual Coordination Modugeresponsible for the coordination of the motion of the two arms
and the mobile platform, and the exploitation of the redundancy of the robotic system to improve

performance in bimanual tasks and avoid collisions with itself and the environment while also satisfying the

main endeffector task objectives.

Main Functionalities

The Mobile Bimanual Motion Coordination Module functionalities include the coordination of the two arms

and the mobile platform in bimanual tasks, the optimization of the dexterity of theadffettors with respect
to the task, the self and externabstacle collision avoidance.

Internal Components

Mobile Bimanual Coordination Module

|

Dual Arm and Mohile Platferm Coordinator

|

Performance Optimization Submodule

|

Collision Avoidance Submodule

The Mobile Bimanual Motion Coordination Module consists of the following internal components:

Dual Arm and Mobile Platform Coordinator

- Dual arm and mobile platform coordinator implement control procedutiest coordinate the
motion of the two arms and the mobile platform during the eefflector tasks objectives execution
(i.e., reaching, pushing, manipulation) to accurately perform the given task.

Performance Optimization Submodule
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- The performance optimizeon submodule optimizes the configuration of the two arms and the
mobile platform to improve the dexterity of the robotic system in terms of teedlted optimization
of performance metrics.

Collision Avoidance Submodule

- The collision avoidance submodideesponsible to guarantee that the robot performs the reference
task without colliding with itself and with external obstacles utilizing proprioception, visual and
tactile feedback available to the robotic system.

Dependencies to other components

]

th Mobile Bimanual Coordination Module
‘ Visual Sensing Module """""‘
[l .
‘ Predictive Proximity Sensing Module t,,,,} ‘ Dual Arm and Mobile Platform Coordinator |

" 2 . TTTTE L L

‘ Multi-modal Adaptive Control Medule r ‘ Performance Optimization Submodule | Mobile bimanual low-level controller

[l
‘ Contact Reaching Module |' ey =

4

= ‘ Collision Aveoidance Submodule |

‘ Hybrid control module l‘ -----

Visud Sensing Module (From)

- The Mobile Bimanual Motion Coordination Module expects input from the Visual Sensing Module in
the form of primitive shapes in order to utilize them for collision avoidance purposes.

Predictive Proximity Sensing Module (From)

- The Mdile Bimanual Motion Coordination Module expects input from the Predictive

Proximity Sensing Module in order to utilize the proximity sensors for collision.
Multi -modal Adaptive Control Module (From)

- The Mobile Bimanual Motion Coordination Module expeiagsut from the Multtmodal Adaptive
Control Module in order to realize the desired motion to perform object manipulation while
coordinating the different robot embodiments and satisfying the safety and performance
constraints.

Contact Reaching Module (Frgm

- The Mobile Bimanual Motion Coordination Module expects input from the Contact Reaching Module
in order to reach and establish contact with the object of interest while coordinating the different
robot embodiments and satisfying the safety and performacmestraints.

Hybrid control module (From)

- The Mobile Bimanual Motion Coordination Module expects input from the Hybrid control module in
order to realize the desired trajectory to perform the desired behavior while coordinating the
different robot embodinents and satisfying the safety and performance constraints.

Mobile bimanual lowlevel controller (To)
- The Mobile Bimanual Motion Coordination Module outputs the reference joint and mobile platform
velocities that is received by this component whicthen commanded to the robotic system.

Addressed Requirements

Requirements ID | Description
SFR063 Ability to avoid collision with moving or static objects
SFR064 Ability to avoid collisions with itself in bimanual tasks
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5.11 Contact Reaching Module
Description

To initiate the execution of each manipulation primitive, the robot must initially select the appropriate
contact points with the object and then establish contact. This module, developed by AUTH, is responsible
for both the selectionofthedei r ed contact points depending on the
primitive, as well as for the safe reaching of those contact points being safe for itself, its environment as well

as humans in its workspace.

Main Functionalities
The modulés instrumental in selecting the optimal contact points on the target based on task requirements
and physical properties of the target. It ensures the reaching of those contact points while being compliant

in unwanted external contact, while maintaining cacate trajectory tracking. It ensures the contact
establishment with a desired force, to begin the selected manipulation primitive execution.

Internal Components

Contact Reaching Module

|

Contact Selection Planner

A |

Contact Reaching Controller

The Contact Reaching Module consists of the following internal components:
ContactSelection Planner

- The Contact Selection Planner is responsible for the selection of appropriate contact points for task
execution. These can be multiple contact points on the same object for bimanual tasks or single
contact points for unimanual tasks. Tlogontact points can be related to ngmehensile
manipulation primitives, or grasping tasks. It is related to T4.3.

Contact Reaching Controller

- The Contact Reaching Controller is responsible for thetimal trajectory generation for the
reaching of thecontact points by the bimanual robot. It will leverage sensorial feedback to guarantee
safe trajectory planning, while utilizing compliant control to ensure safety even in case of undesired
environment contact. Nevertheless, the trajectory tracking accureitl not be affected. It is related
to T4.3.
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Dependencies to other components

Contact Reaching Module

al
| Visual Sensing Module "> [ |
| Contact Selection Planner | Lal
ry % Mobile Bimanual Coordination Module |
4]
| Tactile Sensing Module r -----
& |
o s ﬁ
& | Contact Reaching Controller | % Hybrid contral module |

| Adaptive Task Planner

Visual Sensing Module (From)

- Object information is required to select the desired contact points.
Tactile Sensing Module (From)

- Tactile feedback can be used to generate caamplbehaviors by position controlled robotic arms.
Adaptive Task Planner (From)

- The Adaptive Task Planner will provide information about the selected primitive, required for the
contact point selection.

Mobile Bimanual Coordination Modul€To)

- The generatd control signals will be passed to the Mobile Bimanual Coordination Module, to
execute those trajectories respecting the workspace constraints utilizing the redundant degrees of
freedom.

Hybrid Control Modulg(To)
- The Hybrid Control Module receives thgrgal generated by this module to successfully guarantee
the smooth transition between reaching the contact points and the selected primitive motions.

Addressed Requirements

Requirements ID | Description
SFR065 Detects the optimal contact points in boxémgs and products to grasp the item

5.12 Hybrid Control Module
Description

The selection of manipulation primitives should be executed in timely and coordinated control manner,
providing a stable, smooth and safe transition between two any sequeptiatitives. The learned
manipulation primitive sequence should be executed with guaranteed stability and with additional attributes
regarding the smoothness of the produced trajectories during the transition from different control modules
responsible for dferent manipulation primitives. Furthermore, model uncertainties and external
disturbances may seriously affect the accuracy of the performed manipulation leading to errors during
operation. In this direction, the developed control module should superthe performance during the
whole operation to effectively handle cases with increased errors.
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Main Functionalities

MANIBOT

The main functionalities of this module are to provide stable and safe transition between different control
modules incorporated tandertake the control of two sequential manipulation primitives. Additionally, this

hybrid control module will supervise the operation of each primitive task to provide the whole operation
with error-handling functionalities, if necessary.

Internal Componats

Hybrid Control Module

|

Hybrid controller

The Hybrid Control Module consists of one component:

Hybrid controller

- The Hybrid Controller is responsible for all the functionalities of this module.

Dependencies to other components

—|

| Contact Reaching Module

—

| Multi-modal Adaptive Control Module ””"5

Hybrid Control Module

=

Hybrid controller

—

| 7;| Mobile Bimanual Coordination Module |

{_,,,,,,)I Adaptive Task Planner |

Multi-modal Adaptive Control Module (From)

- The multimodal adapive control modules should provide the control commands to the hybrid
module in order to safely enforce a stable and smooth transition between the sequential primitives.

Mobile Bimanual Coordination Module (To)
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- The generated control signals will be patde the Mobile Bimanual Coordination Module, to
execute those trajectories respecting the workspace constraints utilizing the redundant degrees of
freedom.

Contact Reaching Module (From)

- The hybrid control module requires information regarding the susitexontact establishment by
the contact reaching module to enable proper controller initialization for the given task execution.

Adaptive Task Planner (From / To)

- This module requires information from the adaptive task planner to appropriately adjsist it
parameterization with respect to the specific needs of the given sequential primitives. Further, it
should provide information to the task planner regarding the successful transition between the
manipulation primitives.

Addressed Requirements

Requiremens ID | Description

SFR38 Grasp products from boxes

SFR44 Place the products in a specified orientation, ensuring the front side of the product
faces the customer

SFR46 Manipulate and replenish product boxes

SFR50 Grasp the luggage that made from sofaterial gently

SFR52 Place misplaced products in an interim storage position or to the cart or to the righ
shelf position

SFR53 Place the surplus products that cannot fit on the shelf, in a predefined interim stora
position

SFR62 Manipulate thebaggage to detect the bagtag

5.13 Adaptive Modelling Module
Description

The Adaptive Modelling Module utilizes the semantic information extracted from the Visual Scene
Understanding Module, from the Visual Sensing Module, and from the optical sensors BIANBOT
platform to create and update the operational environment models and semantic maps. Semantic
information regarding the operational environments of the MANIBOT platform are stored adaptive models,
ensuring lifelong semantic mapping.

Main Functionaities
The module facilitates the creation ontologgased models for the operational environments of the

MANIBOT robot. The detected objects, affordances, actors, supporting surfaces and their relations are stored
and updated, enabling the robot to act @ctively in humasdike context aware manner.



D2.4¢ MANIBOT system technical specificatioml architecture MANIBOT

Internal Components

I
Adaptive Modelling Module

]
Semantic 3D SLAM module

™|

Operational Environments Adaptable Model Generator

™)
Lifelong Semantic Adaptation Module

The Adaptive Modelling Module consists of the following internal components:
Semantic 3D SLAM module

- Semantic 3D SLAM module utilizes the object instances and semantic information extrateke
Visual Scene Understanding to create 3D semantic maps of the operational environments of the
MANIBOT platform.

Operational Environments Adaptable Model Generator

- Operational Environments Adaptable Model Generator is responsible for creating addiapt
semantic graphs/ontologies for modelling the operational environments.

Lifelong Semantic Adaptation Module

- Lifelong Semantic Adaptation Module will utilize RGBD information from the optical sensors of the
platform and Input form the Visual Scene Unstanding Module to update the adaptable
operational environment models to correspond to the riiate environmental conditions during the
robot operation.

Dependencies to other components

]
Adaptive Modelling Module

o
a
‘ Visual Scene Understanding Module t o | Semantic 3D SLAM module |
fal [u)
| Operational Environments Adaptable Model Generator ‘ <,,,,>4| Adaptive Task Planner
—
‘ Visual Sensing Module ”> L

| Lifelong Semantic Adaptation Module ‘

AdaptiveModellingModule interacts with the following components:
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Visual Scene Understanding Module (From)

- This component expects input from the Visual Scene Understanding Module in order to utilize the
semantic information regarding the detected objects and actors and the structural information of
the operational scene

Visual Sensing Module (From)
- The Adaptive Modelling Module expects input from the Visual Sensing Module in order to utilize the
detected instances of objects and actors, and their poses.
Adaptive Task Planner (From/To)

- The Adaptive Modelling interactionith the Adaptive Task Planner Module is bidirectional, as the
Adaptive Task Planner will adapt the platforms behaviour based to the context information derived
from the Adaptive Modelling Module, and the operational environment model will be adapted using
information provided by the Adaptive Task Planner Module.

Addressed Requirements

Requirements ID| Description

SFR13 Recognizénow many boxes of a specific product item can fit on the shelf

SFR18 Recognizenisplaced products on the shelves

SFR22 Recognizéhe proximate area and shelves and compare the predefined assortment
planogram with the actual placement of the ESLs

SFR24 Recognizeroduct assortment on shelves according to ESLs and per product define
area (by assortment plan)

SFR25 Identify the correct destination on the shelf (through ESL) given the prior recognitior
the mixed pallet and the respective product on the mixed pallet

SFR34 Ability to move on the pavement area alongside the conveyor belt

SFR36 Navigate avoiding restrictegreas

SFR68 Ability to complete restocking tasks for shelves within a mobility radius (parameter \
default value e.g., 5 meters) from the mixed pallet

SFR69 Decides from where it can leave the pavement track (either because it has been
instructed toby the operator or if it needs to be charged)

5.14 Scene & Task Graph Generator

Description

This task will provide a scene and task graph representation for ceatextte reactive planning of mobile
manipulation policies. The aim is to have a graph repregem that enables grounding the generated task

pl ans on the scene affordances as well as the rob
of learning and planning to enable the robot to condition on new contexts of domain or taskiutes.

Main Functionalities

The key functionalities of this module are:
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- Task Graph generation from a plan given by thenBnual Manipulations Orchestrator (T5.6) using
the primitives learned in the Mulinodal adaptive control Module.

- Create a ScenAAf f ordance Gr aph usi ng i nformati on ak
information, objects in the scene, perceived affordances, etc. from the Visual Sensing Module, Visual
Scene Understanding Module, and Adaptive Modelling Module.

- Grounding the proposeglan using the Scene Affordance Graph and the Task Graph to ensure its
feasibility based on the perceived scene and the reachability of the robot.

- Sequencing the learned primitives to adapt the learned skills based on the grounding.

Internal Components

Scene & Task Graph Generator

21
Task Graph Generator Module

|

Scene Graph Generator Module

=1
Grounding Module

& |

Primitive Sequencing Module

Task Graph Generator Module

- The goal of the Task Graph Module is to parse the generated Task Plan from the Bimanual
Manipulations Orchestrator (T5.6) and create a coarse Task Graph using the learned skills available
to the robot learned by the Mulimodaladaptive control Module.

Scene Graph Generator Module

- Based on the perceived objects in the scene, a hierarchical dpragdd representation would be
created that captures the semantic (category, affordance) and positional (location, shape)
information ofthe different objects in the scene as well as the relations between the different objects
(contact information, semantic positions 1|ike

Grounding Module

- Once a coarse task graph has been generated and thes d@been perceived, the gap between
abstract task descriptions and the physical world task plan needs to be bridged via grounding based
on sensory perception and actionable tasks such as :

0 scene affordances, such as whether a given object can be graspaat based on the
geometry of the object and the scene, or if any new objects in the scene need to be
considered.

o0 taskrelated affordances, for example, where to grasp/place an object based on the task,
such as lifting a box vs opening a box
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o0 reachabilityof the robot i.e. can the robot reach a position to perform a given task based
on its kinematic and dynamic constraints, does it need bimanual manipulation or not, etc.

- This information would be used to refine the initial coarse task plan and providéraioms to the
underlying skills for ensuring task success.

Primitive Sequencing Module
- Once the coarse Task Plan has been refined, the set of learned primitives that are used in the task
needs to be effectively sequenced. For doing so, a Graph NeurabNewould be employed to

parse the refined Task Graph to learn heuristics that assist séasd#d task planning algorithms for
generating an optimal sequence of actions which can then be provided to the Hybrid Control Module.

Dependencies to other compomds

|

Al
| Visual Sensing Module I, : Scene & Task Graph Generator

A t | . t
| Visual Scene Understanding Module I’”> | Task Graph Generator Module | )I Hybrid control module |

1

&l =
| Adaptive Modelling Module Im> | Scene Graph Generator Module | ______.)1 Bi-manual Manipulations Orchestrator |
— 4

o [a)
| Multimodal Sensing Orchestration Module ”"3 | Grounding Module | s

- o /| Adaptive Task Planner ‘
I
| Multi-modal Adaptive Control Module r k | Primitive Sequencing Module |

Visual Sensing Module (From)

- The Visual Sensing Module would be queried to obtain information about the objects perceived in
the scene, using which the positional aspects in Scene Graph representation would be generated.

Adaptive Modelling Module and/isual Scene Understanding Module (From)

- Object and Scene semantics provided by the Visual Scene Understanding Module would be needed
to create the semantic relations and affordance information in the Scene Graph Representations.

Multimodal Sensing Orchegation Module (From)

- The Multimodal Sensing Orchestration Module would need the robot's current state (using SLAM,
for example) to create the Scene Graph and Task Graph Representations, particularly its reachability
with regard to the scene and the object

Multi -modal adaptive control Module (From)

- The Manipulation Motion Primitives Generator would provide the different skills that the robot is
equipped (pick, place, push, grasp, etc.) with as well as the parametrizations of the constraints
(objectaffordances for pick, location to place/push, grasp strength, etc.) which would then be used
to solve for the Task and Motion Planning.

Hybrid Control Module(To)

- Once a task plan is created, the sequence of skills and the constraints will then be provided
Hybrid Control Module, which will take care of successfully executing the sequence of primitives
according to the task sequence.

Bi-manual Manipulations Orchestrator (To/From)

- The Bimanual Manipulations Orchestrator would create a highel taskplan using the generated
Scene Graph representation would be used to create a Task Graph that would then be used for
Grounding and subsequent refinement.
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Adaptive Task Planner (To)

- The generated task graph would be provided to the Adaptive Task Planneaftiive planning
based on the assessment of the task progress.

Addressed Requirements

Requirements ID | Description
SFR038 Grasp products from boxes
SFR039 Ability to pick and place single items
SFR040 Ability to pick up boxes with max weight up to Kd
SFR041 Ability to pick up boxes without damaging them
SFR042 Place the products in the correct positions
SFRO43 Elace the products that expire earlier in the front of the shelf ahead of newly recei
items
Place the products in a specifiedentation, ensuring the front side of the product
SFR044
faces the customer
SFR045 Place momentarily the boxes on its equipped table or another interim storage pos
SFR046 Manipulate and replenish product boxes
SFR050 Grasp the luggage that made frasoft material gently
SFRO051 Ability to prepare the products/SKUs (e.g., removing cardbox or plastic foil topper
SFRO52 Place misplaced products in an interim storage position or to the cart or to the righ
shelf position
SFRO53 Plagg the surpluproducts that cannot fit on the shelf, in a predefined interim storag
position
Place the products in the right position without using a planogram or consult it wh
SFR054 . .
is available
SFRO055 Place the luggage made of hard material below the luggagde of soft material
SFR056 Place the luggage with a distance between them on the reclaim belt for the arrival
SFR057 Place the luggage within the boundaries of the belt/cart
SFRO058 Handle luggage only for the flight that has been allocated to
SFR059 Ability to restock shelves with product/SKUs from the pallet (top to bottom)
SFRO60 Ability to grasp all types of products within the test sample safely using a versatilg
gripping mechanism
SFRO61 Place empty (cardboard) boxes from replenished items &bin cart located next to
the pallet
SFR062 Manipulate the baggage to detect the bagtag

5.15 Learning to plan from Demonstrations Module
Description

This module provides a task planning system that learns from demonstration data or robot experience. Its
goal is to establish a hierarchical planning framework that adapts to the robot's various operational cycles.
By analysing demonstration data, the sstwill infer and plan different time phases and options (these are
higherlevel actions derived from the timing and sequence of lole®el policies).
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Main Functionalities

The key functionalities of this module are:

- Datadriven task plan and sequencergeation. This will be done by learning from demonstration
data and experience in a hybfRL setting (Reinforcement learning using offline and online data).

- Option generation and selection. This will involve choosing the appropriate lewelr motor
policies and the options or parameters for these policies.

Internal Components

Learning To Plan From Demonstrations

|
Hybrid-RL High-level Planner

™|

Low-level Primitives Adapter

Hybrid-RL HigHevel Planner

- The goal of this component will be to use reinforcement learning to train an agent to output plans (or
plan adaptations) that lead to a hidével task being fulfilled in an optimal way. We will collect a new set
of taskspecific human demonstrations andegtrain the RL agent using offline RL. Then, we will leverage

a simulator to gather experience (online data) to further improve the planning performance of the RL
agent.

Lowlevel Primitives Adapter

- This component will use learning to provide sytmls &ad options to be used by lowdevel policies and
primitives (WP4). For example, we will learn to predict which time phase of the operational cycle the

robot is in and, accordingly, whatsgbo a | t h e -effeatbr shbuldgollogv atdhe current and re
timesteps.
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Dependencies to other components

Learning To Plan From Demonstrations

-
[al
| Scene & Task Graph Generator f | Hybrid-RL High-level Planner |
al
- >| Hybrid control medule
4
th | Low-level Primitives Adapter |

Multi-modal Adaptive Control Module |‘ T

Scene & Task Graph Generator (From)

- The Scene & Task Graph obtained from the corresponding module would be needed to query and
predict the task plan. The task graph will provide the current state ofvindd and the possibilities
that will then be used for planning.

Multi -modal adaptive control Module (From)

- The Manipulation Motion Primitives Generator would provide the different skills that the robot is
equipped (pick, place, push, grasp, etc.) withwadl as the parametrizations of the constraints
(object affordances for pick, location to place/push, grasp strength, etc.) which would then be used
to solve Task and Motion Planning.

Hybrid Control Module (To)

- Once a Task Plan and options are generategl sequence of skills and parameters will be provided
to the Hybrid Control Module, which will then take care of successfully executing the sequence of
primitives according to the task sequence & options.

Addressed Requirements

Requirements ID | Description

SFR38 Grasp products from boxes

SFR44 Place the products in a specified orientation, ensuring the front side of the product
faces the customer

SFR46 Manipulate and replenish product boxes

SFR50 Grasp the luggage that made from soft material gently

SFR52 Place misplaced products in an interim storage position or to the cart or to the righ
shelf position

SFR53 Place the surplus products that cannot fit on the shelf, in a predefined interim stora
position

SFR62 Manipulate the baggage to detect thmgtag

5.16 Adaptive Task Planner
Description

This module will provide reactivetatke vel str ategies for adaptilevg t he
and midlevel operation cycles. This will be done through reinforcement learning and ruanke tree search
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on the scene & task graph. Moreoyéne module will provide a set of strategies to recover from failures and
adapt to new conditions.

Main Functionalities

Given the encoded scene and affordances as a graph (Scene & Task Graph Generator), the set of feasible
skills or behaviors (Mulinodd adaptive control Module), and the current hidggvel plan (Bmanual
Manipulations Orchestrator), this module will react & adapt the current task plan. Moreover, success and
failure of subtasks or skills will be incorporated and reacted upon using eamation of learned and hand
designed adaptation or recovery modules.

Internal Components

Adaptive Task Planner

21

Manipulation Task Assessment & Adaptation Module

& |

Recovery Strategies Enforcer

Manipulation Task Assessment & Adaptation Module

- This component will assess the feasibility or optimality of the current task plan and adapt it using
reinforcementlearning on simulated experience or using meagelo tree search to find the optimal
plan. As the planning will be done on graphs at multiple levels, neural message passing will be used
to inform about successes or failures in a specific task and adaléms accordingly.

Recovery Strategies Enforcer

- This component will provide a set of recovery strategies when failures are detected so that the robot
can reevaluate its current midevel operational plan on the fly.
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Dependencies to other components

Adaptive Task Planner
—
| Scene & Task Graph Generator " """ &
| Manipulation Task Assessment & Adaptation Module |
 — 4]
L I S >I H‘
| Bi-manual Manipulations Orchestrator r > - . Hybrid Control Madule
Y
| Recovery Strategies Enforcer |
[—
| Multi-modal Adaptive Control Module " 3

Sene & Task Graph Generator (From)

- The Scene & Task Graph obtained from the corresponding module would be needed to query and
adapt the task plan. The task graph will provide the current state of the world and the possibilities
that will then be used for pinning & adaptation.

Bi-manual Manipulations Orchestrator (From)

- The current plan (or plans) will be obtained from theniginual Manipulations Orchestrator module
and will be evaluated and modified on the go in a reactive fashion.

Multi -modal adaptivecontrol Module (From)

- The Manipulation Motion Primitives Generator would provide the different skills that the robot is
equipped (pick, place, push, grasp, etc.) with as well as the parametrizations of the constraints
(object affordances for pick, locatidga place/push, grasp strength, etc.) which would then be used
to solve Task and Motion Planning.

Hybrid Control Module (To)

- Once the task plan has been adapted, the sequence of skills and the constraints will then be provided
to the Hybrid Control Modulewhich will then take care of successfully executing the sequence of
primitives according to the task sequence.

Addressed Requirements

Requirements ID | Description

SFR38 Grasp products from boxes

SFR44 Place the products in a specified orientati@msuring the front side of the product
faces the customer

SFR46 Manipulate and replenish product boxes

SFR50 Grasp the luggage that made from soft material gently

SER52 Place misplaced products in an interim storage position or to the cart or tdghe
shelf position

SFR53 Plac?(? the surplus products that cannot fit on the shelf, in a predefined interim storg
position

SFR62 Manipulate the baggage to detect the bagtag

SFR066 Robot pauses its current task if employee or customer is too cloge to

SFR067 Robots pauses and resumes tasks according to user's command

SFRO68 Ability to complete restocking tasks for shelves within a mobility radius (parameter
default value e.g., 5 meters) from the mixed pallet
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Decides from where it caeave the pavement track (either because it has been

SFR069
instructed to by the operator or if it needs to be charged)

5.17 Bi-manual Manipulations Orchestrator

Bi-manual Manipulations Orchestrator

=l
High-level Task Orchestrator

a1

Matural Language Feedback Integrator

Description

Using information from demonstrated dathegerceivedt as k
scene information, atraided tLiMewoutd dd foruned usisgkRL lfot effectively pr e
generating a successful task plan. This would be done using tHeveWprimitives such that the learning of

the task plan takes intaccount the execution abilities of the robot. Moreover, since we would betfinang

an LLM, we can additionally incorporate Natur al L
via the MANIBOT HRI Interface.

Main Functionalities

The key functioalities of this module are:

- Reinforcement Learning for generating successful task plans that take into account the execution
capabilities of the robot.
- Incorporating Natural Language Feedback via the MANIBOT HRI Interface.
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Internal Components

Bi-manual Manipulations Orchestrator

| ™ | . ]

| High-level Task Orchestrator ‘ PP Multi-modal Adaptive Control Module ‘

| Scene & Task Graph Generator |"

™ ™ | ]

| MANIBOT HRI Interface |" | Natural Language Feedback Integrator ‘ cj Hybrid Control Module ‘

Highlevel Task Orchestrator

- The HigHevel Task Orchestrator will be responsible for generating the coarse task plan for the robot
to perform a given task, which would be provided via the MANIBOT HRI Interface. The Natural
Language Feedback Integrator would incogie this information as global attributes in the
perceived Scene Graph, which would then be given as inputs to an LLM model thatuadideising
RL that would use the learned robot skills to determine the success of a proposed task plan. This
underlying success of execution, as compared to just generating a correct sequencing of skills, would
be able to better inform the learning process and keep it grounded with what the robot can execute.

Natural Language Feedback Integrator

- Based on Natural Languaggputs as well as higkevel task scheduling from the MANIBOT HRI
Interface, the Natural Language Feedback Integrator would consist of developing a representation
that encodes the operator feedback from multiple modalities (task assignment, natural @&gua
feedback, alerts) woul d be -levalTaskOrcliegdratgr.r ovi de “ a

Dependencies to other components

Scene & Task Graph Genera{@trom)

- The Scene and Task Graph from 8wne & Task Graph Generatoould be used as input to the
Highlevel Task Orchestrator.

Multi -modal adaptive control Module andHybrid Control Module(From/To)

- The learned primitives from the muithodal adaptive control module would be used to guide the
learning by providing the pdicted sequencing of the primitives to the Hybrid Control Module to see
the success of the sequencing execution.

MANIBOT HRI Interface (From)

- User inputs from the MANIBOT HRI Interface would be used to provide global context to the High
level Task Orchesttor that helps specify the task the robot needs to do, as well as additional
guidance via natural language.

Addressed Requirements

Requirements ID | Description

SFR38 Grasp products from boxes

SFR44 Place the products in a specified orientation, ensuthrgfront side of the product
faces the customer

SFR46 Manipulate and replenish product boxes

SFR50 Grasp the luggage that made from soft material gently
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SFR52 Place misplaced products in an interim storage position or to the cart or to the righ
shelfposition

SFR53 Place the surplus products that cannot fit on the shelf, in a predefined interim storg
position

SFR62 Manipulate the baggage to detect the bagtag

5.18 MANIBOT HRI Interface
Description

The HRI Interface will provide a udgendly graphial interface with multiple tools. With the HRI the human
operator can communicate with the MANIBOT robot, setting it up and supervising the process of each use
case at all times. It is designed to facilitate intuitive, seamless, and safe communicaticgebhdtwman
operators and the robotic systems. This module serves as the primary point of interaction for users to control,
monitor, and collaborate with robots, ensuring that human inputs are correctly interpreted and acted upon
by the robotic systems.

Main Functionalities

The HRI interface facilitates collaborative task assignments between the human operator and the robot,
allowing users to delegate specific tasks to the robot (e.g., navigation, loading/unloading tasks). It also allows
for task progress matoring, ensuring that the robots are correctly following instructions and adjusting as
needed in response to reéime feedback from users or environmental changes. The HRI module offers
controls to the robot, for the times when the robot is needed toibenanual mode instead of autonomous,

task scheduling and monitoring properties, and AR features.

Internal Components

|
MANIBOT HRI Interface

|

HRI GUI

|
AR Module

=1
Task Schedule and Monitoring Module

21

Back-end server

The HRI GUI consists of the following internal components:
HRI GUI
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- The HRI GUI submodule provides a visually intuitive interfaceatloats users to interact with the
robotic systems using graphical input devices. The submodule aims to provide &o-essy
responsive, and usarentered graphical interface that allows operators to control, monitor, and
collaborate with robots in thé¢AANIBOT environment. The HRI GUI is designed with simplicity and
clarity in mind, allowing users to interact with robotic systems without requiring technical
knowledge.

AR Module

- The AR (Augmented Reality) submodule of the MANIBOT HRI Interface impumessrbbot
interaction by incorporating augmented reality technologies into the user interface. This
submodule enables the use of augmented reality devices to dynamically and interactively visualize
robot tasks, paths, diagnostics, and the surroundingremvnent. AR allows users to intuitively
control and monitor robots, improving decisionaking and operational efficiency.

Task Schedule and Monitoring Module

- With the task schedule modul e, the operator <ca
tasks, or create custom tasks, depending on the situation of thecisers e and robot’' s s
Concurrently, this submodule includes monitoring processes that will provide alerts and logs
generated by the HRI and the robot. These will always keep the oparpttated at all times for
the robot’'s st at usase, andwill ajso provide ®rsors that conflictewithutie e r
flow of the scenario and need to be fixed in order to continue the process.

Backend server

- The backend server is the main pat of the communication between the operator and the robot.
All the information visualized on the HRI and all data management will take place in therzhck
including the connection with the robot. This submodule ensures that the HRI interface's various
components can communicate with robotic systems seamlessly, process data efficiently, and
respond to users in real time.

Dependencies to other components

MANIBOT HRI Interface
5
1 ke e aeen Adaptive Task Planner ‘
HRI GUI ‘
A
L I [F777 7= . - .
AR Module ‘ k= -----] Learning To Plan From Demonstrations ‘
| &
Task Schedule and Monitering Module ‘ lez---.-4 Bi-manual Manipulations Orchestrator ‘
-1 E N — =
Back-end server ‘ o Federated XAl Module ‘

The HRI interacts with the following components:
Adaptive Task Planner (From/To)

- As users assign tes or change commands via the HRI Interface, the Adaptive Task Planner
dynamically adjusts the robot's behavior and execution strategies based ctimeal
environmental data and user inputs. This ensures a seamless transition from user intent to robotic
action, allowing for efficient task execution and quick adjustments to changing conditions. In
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contrast, the Adaptive Task Planner's insights and updates feed back into the HRI Interface,
providing users with reatime feedback on task progress and statpslates.

Learning to plan from Demonstrations (From/To)

When the human operator interacts with the HRI Interface to assign tasks or provide
demonstrations, the Learning to Plan from Demonstrations module analyzes this input and uses
demonstration data talevelop a hierarchical planning framework. Because of this relationship,
user demonstrations can be seamlessly transferred to efficient robotic task execution, allowing the
robot to adaptively infer and carry out hightavel actions from lowelevel polcies that are based

on prior knowledge.

Bi-Manual Manipulations Orchestrator (From/To)

The Bimanual Manipulations Orchestrator analyzes demonstrated data, such as the robot's
actions, perceived scene information, and available skills, to optimize &iné the robot's task
planning. The orchestrator uses reinforcement learning to-furee a pretrained large language
model (LLM), making sure that the task plans that are generated match the robot's execution
capabilities. By integrating natural langudgedback, the Binanual Manipulations Orchestrator
improves the HumaiiRobot Interface (HRI) by enabling users to provide input in a more intuitive
way and promoting a collaborative environment where human preferences are seamlessly
integrated into roboticactions.

Federated XAl Module (From/To)

The Federated XAl Module, which enhances user interactions by incorporating Explainable Al and
advanced federated learning, is a critical component that the HRI Interface depends on. Users'
feedback andnteractions with the HRI Interface help the system learn through federated learning,
which enhances its perception modules. Since the Federated XAl Module transparently explains the
robot's decisiormaking processes while analyzing and learning fromidigtrd data, this

relationship guarantees a smooth transition from improved robotic performance to user
experiences.

Addressed Requirements

Requirements .
Description
ID
SFRO70 User defining replenishment task and destination
SFRO71 User defining task andestination in the airport belts
User commanding through interaction interface the robot to move to specified locatig
SFRO72
(shelf or belt)
SFR073 Interaction interface notifies the user about the restocking task progress
SFRO74 Interaction interfacenotifies the user if the robot needs help with the identification of g
product, bag etc.
SFRO75 Interaction interface notifies the user for help when a product falls on the floor
SFRO76 Ability to give a signal (either audio or visual) when robwtskspace is invaded by a
human
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SFRO77 Interaction interface notifies the user when the replenishment process is complete

SFRO78 Interaction interface notifies the user if any of the processes failed

SFRO79 Interaction interface notifies the user abotite absence of planogram and difficulty in
defining the right product position

SFROS0 Interaction interface alerts when the bag it is manipulating is out of its capabilities (ta

heavy, too long, no handles, out of reach etc.).

SFR081 Interactioninterface alerts when no bagtag found

The robot alerts the operator if no other cart is found, goes in standby mode and aw
input from operator.

SFR083 Notifies the user through the Ul for the table/interim storage state

SFR082

5.19 Data ManagemenModule
Description

This module focuses on creating the MANIBOT data management system'srfibrgnd baclend to
facilitate the safe sharing, offline processing, storage, and access of heterogeneous data. Specifically, the
data categories listed below Wibe supported: i) Robot path and motion data; ii) diagnostic information
about the functioning of the robotic system; iii) maps of environment and utilities; iv) information about
baggage, including bagtags and the quantity of bags loaded; v) localizatioral time path measurements;

vi) items (surplus, expired, damaged) that are not suitable for restocking. The data will be accessed by various
modules of the MANIBOT system.

Main Functionalities

The module streamlines the process of storing and retnig data by offering interfaces for creating,
deleting, altering, and accessing data generated by the system's modules. It makes it possible to handle and
process the data related to the human operator and the robotic system while storing and managdajahe

for the federated learning module.
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Internal Components

Data Management Module

=1
HRI Data Manager

A

Robotic Platform Data Manager

& |

Federated Learning Data Manager

The data management module consists of the following internal components:
HRI Data Manager

- The HRI Data Manager is in charge of collecting, processing, and managing data ondhohan
interaction interface in real time within the MANIBOT system. This module will be responsible for
processing the requests and retrieving information about theropet or ' s r obot assi g
scheduling and the monitoring of them. It also handles data associated with notifications for the

operator regarding any issues where the robot requires assistance or asks for clarification on the
products.

Robotic PlatformData Manager

- Within the MANIBOT system, all data related to the robotic platforms is managed by the Robotic
Platform Data Manager. This covers data gathering, processing, storing, and retrieval related to the
hardware, software, motion, diagnostics, anghgral operation of the robot. The module collects
reaktime diagnostic data on the robotic system's health, including battery levels, motor
performance and sensor functionality. It manages the information acquired by the robot's sensors

about the environnent, including mapping and obstacle recognition in order to facilitate task
completion and navigation.

Federated Learning Data Manager

- The Federated Learning Data Manager submodule will focus on managing the data required to
enable federated learning acreshe MANIBOT system. This submodule ensures that the learning
process is carried out efficiently, securely, and in a manner that protects data privacy, all while
optimizing the overall model's performance across the system. This enables the traininglohena
learning models across multiple decentralized entities, such as devices/robots or servers, without
the need to centralize data, ensuring privacy.
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Dependencies to other components

Data Management Module

||
&~ P
| HRI Data Manager ‘ 1 Robot Navigation Module |
[a)
MANIBOT HRI Interface | A
| Robotic Platform Data Manager ‘
(u)
= j Federated XAl Module |

| Federated Learning Data Manager ‘

The data management module interacts with the following components:
MANIBOT HRI Interface (To/From)

- The Data Management Module is critical to the MANIBOT HRI Interface because it allows for the
organization and access of various data types, which is essential for handling-hoimoan
interactions. The HRI Interface providesergenerated data back into the Data Management
Module, storing data and facilitating continuous learning and adaptation on the MANIBOT
platform.

Robot Navigation Module (To/From)

- The Data Management Module makes sure that the Robot Navigation Mbdslaccess to critical
information like robot path and motion data, localization metrics, and environmental maps. This
comprehensive data infrastructure enables the Robot Navigation Module to make informed
decisions about route planning, obstacle avoidgrared realtime adjustments while performing
navigation tasks. The Robot Navigation Module contributes to the Data Management Module by
generating new data about navigation outcomes and environmental interactions.

- Multi-Modal Adaptive Control Module (Toyhe Data Management Module provides data to Multi
Modal Adaptive Control Module for performing manipulation tasks. By integrating this data, the
Multi-modal Adaptive Control Module can optimize its grasping and manipulation actions, resulting
in better peformance in complex tasks.

Federated XAl Module (To)

This module provides data to the Federated XAl Module to effectively analyze and interpret information from
various sources, in order to facilitate federated learning processes and improve the systei®rstanding

of its surroundings. Based on the processed data, the Federated XAl Module produces insights and
explanations. It then provides insightful feedback to the Data Management Module, enhancing the data
repository with interpretive data that canebused for additional analysis and improvement

Addressed Requirements

Requirements ID| Description

Robot stores/retrieves the bagtag information of the placed baggage in/from the
database

Scans barcode and retrieves information of the pdpbel and checks if it corresponds
to the product to be replenished

SFR086 Retrieves information about the ESL tags

If a mismatch identified, log the distance between the position of a product in the
assortment plan and the position of the ESL

SFR088 Keep count of the number of baggage loaded

SFR084

SFR085

SFR087
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SFRO089

Scans the bag tag (when placing the baggage) for BTRS (Baggage Tracking and
Reconciliation System) purposes.

SFR090

Records and logs in the database the products that are not suitabtestcking
(surplus, expired, damaged)
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6 Technical Specifications

This chapter introduces the technical specifications of the MANIBOT system. Technical specifications can be
divided into three categories: hardware, software, and performance requiremengforlmance
requirements, software, and hardware are the three categories into which technical specifications can be
divided. The system's hardware specifications for carrying out the project's tasks are referred to as hardware
requirements. The safety, saty, and functionality requirements that the system's software components
must satisfy are referred to as software requirements. Performance requirements are the system's
quantitative capabilities.

Software
Requirements

Hardware
irements

Performance
Requirements

Technical Specifications

Figureé6 lllustrative representation on how the Technical Specifications are broken down

In summary, in section 6.1 we present the mapping procedure from User Requirements to technical
specification. In section 6.1 there are three sections included, sectiors 6.1.2 and 6.1.3 which outline

the performance, hardware, and fware requirements in detailThe main topic of section 6.2 is the
prioritization of the functional requirements, which are derived from the user requirements' priéiitglly,

section 63 describeghe handling requirements in MANIBOT use cabes will lead tothe corresponding
Robotic Platforms’ specificati ons. sifcdaltougslercding on c
requirements were extracted parallel to the analysisiser requirements, they were not reported D2.2

Instead, they were combined witlthe pilot sites description and the items considered for robotic
manipulationin MANiBOTise cases in a holistic analytsiat maps them directly to MANIB@®rresponding
robotic pl atf dseesection83lelyi fi cati ons

6.1 Mapping of the User Requirements to Technical Specifications

There are two steps involved in mapping user requirements to technical specifications. The user
requirements are first broken down into distinct use cases and their correspondingsseutases. Every sub

use case is examined in terms of a set of functioagliirements, each of which is closely linked to particular
performance requirements. The latter is the interface link that converts technical specifications into user
requirements.The performance requirements act as a bridge that connects the techspeaifications to

the user needs. They ensure that the technical aspects, like hardware capabilities, software algorithms, and
system architecture, are aligned with what the users expect in terms of performahtebreakdown helps
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in clearly identifyindhow the system is expected to behave in various situations, ensuring that all user needs
are captured comprehensively.

Since the mapping process has been stabilized by combining the functional and performance requirements,
all of the subuse cases have bee=xamined in terms of requirements in the second stage. Here, we've
included a sample of the first mapping step, which is summed up in the table below. This illustration relates
to the usecase and user requirements for moving from a charging statioesimg position to the target
replenishment cart.
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High Priority
- - TechnicaBpecifications
Medium Priority
Low Priority
Related Performance

Sub Use Case

Requirements

System Functional Requirements

Requirements

Hardware Requirements

Software Requirements

SubUC1.1.

Movement from
resting
position/charging
station to the
target
replenishment
cart

SFRO031 Platform 2D/3D localization

reaHime, < 10 cm (RPE)

2D/3D LidarsRTKGPS

SFRO032Platform Path planning ability| reattime
SFRO33Platform humaraware reaHime 2D/3D LidarsRGBD cameras OpencCV, PCL, Camera AP
navigation
SFRO66 Robot pauses its current tash reaktime
if employee or customer is too close fi
it
SFRO03Recognize the replenishmen{ reattime
URO01,UR03,URO05,| 9 cart P RGBD cameras OpenCV, PCL, Camera AP
R06,UR07, - -
SFRO28Recogni ze and|reaHime RGBD cameras OpenCV, PCL, Camera AP
UR20,UR24,UR27,\ . , '
R28,UR29 trajectory
URSO,UI,QSZ,UI,?SS,I SFR036Naviga;t:iZ\S/oiding restricted | reaktime RGBD cameras OpenCV, PCL, Camera AP
R34,UR35,UR36 SFRO067 Robot pauses and resumes|
tasks according |reatime Web browser
SFRO70User defining replenishment | reaktime

task and destination

Web browser

SFR0O72User commanding through
interaction interface the robot to move
to specified location (shelf or belt)

reaktime, <10cm accuracy

Web browser

SFRO78Interaction interface notifies
the user if any of the processes failec

reaktime

Web browser
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The process of mapping the modules and thigicacy of their connections are depicted figure 7 Our
system is clearly complex because every user requirement is broken down into multipisesahses, each
of which is connected to a number of technical specifications and functiegalrements, and vice versa.

User Requirements

UserReq UserReq ces UserReq UserReq UserReq
X X X X X

Use Case Use Case X
SubUC SubUC
X.X

Functional Requirements :
Component Allocation i
H/W
Comp. X

Technical Specification

(PXXX)(HXXX)(SXXX) (PXXX) s (HXXX)(PXXX)

Figure7 The mapping procedure and the complexity of the interconnections among the modules.

Use Cases

@

6.1.1 Performance Requirements

The performance requirements are essential for developing and designing ANiBOT systeprensuring

that the system meets its intended purpasgéhe corresponding functional requirements are defined both
guantitatively and qualitatively. More specifically, the performance requirements serve as a bridge for
determining the hardwarand software requirements and specify the capabilities that the MANIBOT system
should maintain. They include observations about the system's operational limitations, technical and physical
capabilities, and time respons&. hi s al so i nc | esgbesiwenessh ensuring & peeformss r
efficiently under different conditions. A list of precise performance requirements focused on the
fundamental hardware and software elements of the MANIBOT system has been established in conjunction
with all functionalrequirements.

6.1.2 Hardware Requirements
Following the identification of the primary hardware components, the precise specifications for each will be

developed. The physical architecture of the MANIBOT system is followed in the organization of these
requirements, which relate to the hardware comments that will be created or modified as part of the
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MANIBOT project. The electrical, mechanical, sensing, actuation, control, safety, power supply, and usability
requirements are gathered for every piece of hardware.

To retain information about the mode of the hardware components and their specifications, the initially
decided abstract list of hardware components should become more explicit in order to produce a thorough
analysis. The final version of the hardware requirements will be included irstlod hardware requirements

that will be contained in the future integration deliverable. By transitioning from an abstract outline to a
detailed catalogue, hardware components can be evaluated not only for compatibility but also for
performance, coseffectiveness, and future scalability. This process will help to identify any operational
constraints or potential areas for optimization, such as power consumption, processing power, or data
throughput.

6.1.3 Software Requirements

The software requirements are es#tial for determining the needs that the MANIBOT system's software
must address. They are made up of the identified essential functional elements that must be developed in
order for the hardware to work together seamlessljne software must act as theiding force that enables
communication, coordination, and control between the various hardware modulémg with serving
particular routines that satisfy the demands of the sude cases, they are also accountable for partially
meeting the performance igirements in terms of execution time and accurdegich suhuse case presents
unique operational demands, so the software requirements must cater to these specific needs by defining
how the software will handle and execute these tasks effectivéhe firal version of the software
requirements will be included in the integration deliverable, which is currently being constructed.

6.2 Prioritization of the System Functional Requirements

Prioritizing the functional requirements to be implemented in accordancé wie UserRequirements'
established priorities was the aim of the analysis presented here. Consequently, entities with "High,"
"Medium," or "Low" priority according to particular rules make up the prioritization schema used in this
process. In order to @omplish a thorough prioritization, the following standards were taken into account:

1 According to the D2.2 User requirements and use cases, the priority ranking of the identified Use Cases,
SubUse Cases, and User requirements

1 The frequency with which ead¢tnctional requirement appears in the particular Sube Cases, as shown
in the tables above. Given that it appears to be a functional requirement for handling numerolts8ub
Cases, it should be given top priority because it shows great significancelavahce to the project.

1 The dependency on critical (high priority) functional requirements required to complete a speciic Sub
Use Case.

Following the aforementioned procedure, Annex Il contains a summary table that shows the priority of each
system fumrtional requirement. By assessing the resulting table, it is realized that there are 90 identified
system functional requirements, of which 34 have high priority, 45 have medium priority, and 11 remain low
priority. Each priority's overall percentage coage is displayed in the diagram below. It is ensured that
software and hardware requirements necessary for the fulfillment of the high priorit BatCases will be
developed early on by prioritizing the functional requirements, which are closely lirkélget technical
specifications.
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SFRs Priorities Percentages

@ High Priority
@ Wedium Priority
@ Low Priority

Figure8 System Functional Requirements Priorities Percentages.

6.3 Handling requirements in MANIBOT use cases

Based on the use case scenarios, the items considered for robotic manipulation, and the pilot site
descriptions, specific requirements have been extracted related to the robotic handling of the items involved
in the four MANIBOT use cases. Consideringlifierences between the use cases, the systems will need to
operate in different conditions and handle a range of objects. Therefore, the physical dimensions of each
pilot, in each use case, need to be factored in. In general, there are two kinds of dimedngstrictions,
environmental ones and those of the objects. The environmental restrictions are related to the spaces that
the systems will need to move and operate, while the objects in each use case dictate the manipulation
requirements. Table 3 toable 5 report on the dimensions of the spaces and objects irWTAL

Table3: UC1Product replenishment in retail stores (MASOUTIS)

Component . . .
szme Type Width (cm) Length (cm) Height (cm) Weight (kg)
Corridor Environment 180 - - -
Lower shelf Supporting 40 - 40 -
surface
Retail item Object to 7.45 657 3.545 0.2123
handle
FortheUCipr oduct replenishment in retail stores” addr

need to move within typical corridors that are found in a supermarket/grocery store. The width of the
platform should be less than 180 cm, otherwise it will hetpossible to navigate among the shelves. Once

the platform reaches its destination, it will need to manipulate objects of various shapes and sizes to refill
the shelves. The items can be as small as 6 cm in length and 7 cm in width, such as a bak of esréig

as 57 cmin length and 45 cm in width, for example a large can of olive oil. Similarly, depending on the product,
the weight can range from 0.21 kg for a pack of paper towels to 23 kg for laundry detergent. It should be

90
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noted that larger itens will not necessarily be the heaviest, and in fact, they might be fragide packs of

paper rolls, food, etc.). The final set of retail products that will be considered for the pilot has not been
selected yet, though the approach is to select objeuith generic shape (such as boxesttles and cover

a decent range of different weights. However, it is unlikely that in UC1 large heavy items will be considered
(this is better covered in UC2), so tohmediygnsgdadf or m’
fragile/deformable objectse.g. packages of pasta, rice .€itie lowest shelf that will need replenishment is

at 40 cm height and its width is also at 40 cm. As such, the manipulator needs to be able to go that low and
arrange the itemgnside this limited space. The reach of the robot should be sufficient because of the
relatively tight spaces in UCRigure9 shows the pilot site of UC1 (Masoutis supermarket).

R i .’.é’ S et
3 3 Azl A e
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3 - = A .
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2 N \‘* 1 , S x3: 0.4m
o < y ; v h1:2.0m
(37 t\ ' , = h2: 0.5m
; = <L, ; h3: 0.40m

Figure9 UC1 Pilot Site (Masoutis)

The tight corers that the platform will need to navigate have been taken into account. Even though it will

be able to perform irpace rotations, the robot is designed to be able to navigate the aisles while still having
enough space to house all of its components.

Teable4: UC2. Product replenishment in retail stores (SDI)

Component . . .
szme Type Width (cm) Length (cm) Height (cm) Weight (kg)
Corridor Environment 160-240 - - -
Supporting
Lower shelf 66.6137.4 37-93.1 - -
surface
i : .
Single retail | Object to 6-15 6-15 5-40 0.152.5
item handle
Retail item Object to 1060 1080 540 1323
pack handle

Though UC2 share many similarities with thellt@ere are different specifications and constrair&r the

UC2, the corridors have a width between 166240cm meaning that there will be fluctuations in the space
available. The most appropriate design choice is to abide by the minimum specification (160 cm) and, when
available, navigate in the extrgpace to approach the shelves. Similarly, the shelves can have a width that
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fluctuates between 66.6 cm to 137.4 cm and their length can be between 37 cm and 93.1 cm. The need to
have the platform function in the environment without restrictions, drives thecision to design it to
function within the smaller edge cases and use the extra space for more agile manipulation. In general, the
range that a manipulatoshould be able teach in UC2 is greater than in UC1 because of the larger spaces.
The larger wdtspace that the robot will need to reach must be kept into perspective. It can be mitigated by
having the navigation algorithm move the platform to an appropriate distance from each shelf, once there,
the manipulator will not have an issue to reach theidss item.

Regarding single small items, their width and length will be betwe#&B 6m, while their height will start

from 5 cm, but it might reach 40 cm. Retail item packs can be much larger, their width will be between 10
cm to 60 cm and their length nastart from 10 cm and reach 80 cm. Their height will be betweet0ém.

The maximum weight of a manipulated object cannot exceed the weights presented in Table 3 and Table 4,
however, the final set of item packs considered for the UC2 pilots has notdederted yet. Figur&0 shows

the floorplan of UC2 pilot site (SDI).
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Figurel0 UC2 Pilot Site Floorplan (SDI)

In both UC1 and UC2, the platform needs to be able to navigate in the aisles with ease without obstructing
the aisleto other users, such as employees, customers, or even other robots.

Tableb: UC3UC4. Baggage loading and unloading from conveyor belts to carts (FG)

C t

T;‘;Zen Type Width (cm) | Length (cm) | Height cm) | Weight (kg)
Conveyor belt| Environment 100 - 70 -
Side ramp in

front of Environment 90 - 16 -
conveyor
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Luggage cart Supporting 150 230 54 -
surface
. Object to
Luggage item handle 7.545 25100 5-75 0.523

The UC3 and UC4 use cases are considering an argbttie handling of luggage for departure and arrivals,
respectively. In UC3 the different suitcases are moving along a conveyor belt that is 100 cm wide and it is 70
cm above the ground. In UC4 the robotic platform will need to move items from a luggaigenat is 150

cm wide, 230 cm long and 54 cm above the floor. The demands for longer reach in those use cases are much
higher due to the larger spaces. Indeed, while the previous use cases present a challenge because of the
smaller objects that they hay UC3 and UC4 have greater demands regarding the reachable workspace.
Though the navigation algorithm will be designed to place the platform at an optimum distance, additional
range is required for the manipulators, in order to perform the transfer oflttggage from the conveyor

belt to the cart and vicerersa. The airport pilot sitd-RAPORDf UC24 is shown in Figure 11

x1:1.00m
x2:0.90m
h1:0.16m
h2:0.70m

Figurell Airport Pilot SittKRRAPORT

The robot is expected to navigate the dedicated side ramp in front of the conveyor belt that is 90 cm wide.
Thus, the width of the MANIBOT maobile platform for the airport use cases should be less than 90 cm, without
however compromising effectiveness.

Theluggage can have a width from 7.5 cm to 45 cm and their length starts from 25 cm and it can reach 100
cm. Similarly, their height can vary from 5 cm to 75 cm. The weight ranges between-@8 kg, though
that's an esti mat i ol pwbablyveary nnubhenorke than tha sugermarket itgrhst In- w
case of large heavy suitcases, supporting surfaces will be utilised by the robot to avoid lifting the entire load
during the transfer.

93



D2.4¢ MANIBOT system technical specificatim architecture MANIBOT

7 Dynamic Analysis of the System

7.1 Introduction

In this chapterwe present the system's dynamic structure analysis, which is based on the defined use cases
which were described in D2.2. The dynamic analysis of the system sheds light on how it operates. In this
version, SysML activity diagrams are used to describeuthetibnality of each use case. An activity diagram
provides an overview of each task, depicting the robot's activities and collaboration with the system and
operator. The goal is to provide an overall workflow expressed in terms of system componentsugpftw
mobile platforms, robotic manipulators, and human supervision.

In the following figure we give a brief overview of the semantics of the activity diagrams and the
representation of the basic nod€Bigurel?). An "Initial Node" always starts the activity, and a "Final Node"
always finishes it. A "Decision Node" is used when the system or the supervisor has to make the decision to
act. For concurrent actions or fies, a "Fork/Join Node" is utilized. An "Action Node" is a representation of

an action. Each diagram's primary section depicts specific actions taken by the system or the operator. The
corresponding usease descriptions are used to derive the actions endlagrams.

Initial Node .

Final Node {!}

Action Node E: Action j
Fork/Join Node ——
Desicion Node <>

Figurel2 Basic Nodes used in Activity Diagrams
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7.2 Usecase 1- Product replenishment in retail stores (MASOUTIS)

7.2.1 Subuse casel.l - Movement from resting position/charging station to the target

replenishment cart

Description [
LIC1 BublUC 1 Mavement from resting positionfcharging station to the target
replenishment cart
. Assumption: An emplovee has already filled the cartwith opened boxes of products or
\L individual products

@) The employee-supervisor defines the initial replenishment j
task

(C] The employee-supervisor defines the destination for the roboﬂ

NO

<> Are the task and the destination valid?

YES

[C] The system assigns the replenishment task to the robot j

D The robot starts navigating autonomously towards the
destination

[C] The robot stops after arriving at the destination j

@

Figurel3 Activity diagram ofSubuse casel.1 Movement from resting position/charging station to the target
replenishment cart
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7.2.2 Subuse casd.2- Identification of the products in the replenishment cart

Description [EN

LUC1 SubUC1.2: Identification of the products in the

. replenishment cart

[[:] The robot reaches the desired replenishment cart.

|

)

%@ i) senslrs T i ]
)

)

[[:] The system detects and classifies the products, either boxes or individual.

[D The system recognizes the top products that should be restocked first.

order to place the right side to face the customer when standing in front of the shelves.

[CJ““"’”“‘"““““‘Siﬂ:&lﬁ;?ﬁ:’;"‘“"‘“‘““"'“’}— <> Is the product identification reliable?
NO
l YES

Figurel4 Activity diagram ofSubuse casel.2 Identification of the products in the replenishment cart

[D The robot identifies the dimensions and orientation of each product per box in the replenishment cart, in ]
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7.2.3 Subuse casd.3- Identification of the right position for the product on the shelf

Description
UCT SublCt .30 Identification of the right position for the

. product on the shelfl

[C] The robot identifies the product category of the item to be replenished. ]
()] The robot recognizes the area of movement ]
()] The robot navigates to the corridor that the product exists

T

[ 1

[D The robot takes into account the planogram if itis available. } O Does a paper Iabel Wlth a barcode exists?
NO

l YES

[C] The robot scans the barcode of the paperlabel.]
_Supervi i J NO
[D The System asks Employes Supenisor for carfication <> Do the paper label and the planogram agree?

YES
_ YES
[D The system nofifies the user F <> Are there any deviations?
NO
(C] The system validates that there are iati and the robot i ]

|
®

Figurel5 Activity diagram ofSubusecasel.3 Identification of the right position for the product on the shelf

97



D2.4¢ MANIBOT system technical specificatiom architecture MANIBOT

7.2.4 Subuse casd.4- Replenishment of the shelves

Description
UCT SubUC1 4. Replenishrment of the sheves

EJ The robot captures the scene of the shelf. )

Are there are any misplaced,

Ei’"" G St ) <> expired, or damaged products on the shelf?
) YES
NO
Eﬁ"‘ Jogfe e produc oot @ many o )
= ‘suitable for restocking (surplus, expred, damaged)
[i\ The robot repéenishes any current products with the same SKU. I o,
E] The tions the products expiring earlier at the front in 3 specific orkentation (FIFO principie). ]

S )

GE o )
Ej The the products on '] or back to the cart. ]
(@) The othe )
: ‘ YES
Are there any more items/room on the
shelves for this product to replenish? O
‘ NO
Are there any remaining products YES
in the cart for replenishment?
NO

Figurel6 Activity diagram ofSubuse casel.4 Replenishment of the shelves
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7.2.5 Subuse casd.5- Movement back to the resting position/charging station

Descriphon

‘ UCT SubUC1 4. Replenishrment of the sheves

The robot captures the scene of the shell. }

Are there are any misplaced,

Eﬁim P S S e ) <> expired, or damaged products on the shelf?
) YES
NO
E‘i"" e —w};{j The robot estimates how many products can be placed on the shellisholves. )
= ‘suitable for restocking (surplus, expred, damaged)

Ej The robot replenishes any current products with the same SKU. %

E] The robot positions the products expiring earier at the front in 3 specific orlentation (RIFO principle). ]

E—— Wrom the bo) )
= cant).
[‘1 he the products on 1f 06to a tablef or back o the cart. )
® he tothe ant )
{: The robot takes another product. )
‘. YES
Are there any more items/room on the
shelves for this product to replenish? 0
NO
Are there any remaining products YES
in the cart for replenishment? =
NO

®

Figurel7 Activity diagram ofSubuse casel.5 Movement back to the resting position/charging station
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7.3 Usecase 2 Product replenishment in retail stores (SDI)

7.3.1 Subuse case2.1 - Movement from resting position/charging station to the target

destination for replenishment

Description [
LIC2 BublUC2.1: Movement from resting positionfcharging station to the target

. destination for replenishment

C] The employee-supervisor defines the initial replenishment task ]

[C] The employee-supervisor defines the destination for the robot ]

NO

<> Are the task and the destination valid?

YES

[C] The system assigns the replenishment task to the robot ]

D The robot starts navigating autonomously towards the mixed pallet with
boxes of SKUs that need to be replenished

[C] The robot stops after arriving at the destination j

O

Figurel8 Activity diagram ofSubuse case.1 Movement from resting position/charging station to the target
destination for replenishment
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7.3.2 Subuse case.2- Identification of the products on mixed pallet

Description

o
|

The robot navigates to the desired mixed pallet.

|

The visual sensors capture the scene.

|

The system detects the products.

|

The system identifies

each box of SKU's independently

|

The system recognizes the top products that should be restocked first.

|

The robot recognises different types of boxes

/S S S S

|

[@

The robot identifies the dimensions and orientation of each product per box in the replenishment cart, in

order to place the right side to face th

e customer when standing in front of the shelves. ]

[@

product recognition

The robot navigates to a more convenient position for No

|

<> Is the product identification reliable?

l YES

O

LUC2 SubUC2.2: Identification of the products on mixed pallet

Figurel9 Activity diagram ofSubuse case.2 Identification of the products on mixed pallet
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7.3.3 Subuse case.3- Identification of the correct destination for the product on the shelf (via

ESL recognition and assortment plan)

Description
UC2 SublUC2 3 Identification of the carrect destination for the

. product on the shelf (via ESL recognition and assortment
plam)

|

D) The robot recognizes the area that the mixed pallet is placed.

I

[C] The robot relocates next to the pallet.

L

[C] The robot identifies the product to be replenished on the pallet. j

%_

[ |

[D The robot takes into account the assortment plan if it is } [C] The robot detects the ESL tag on the shelf.

available.

[C] The robot covers a radius (parameter with default value 5 meters) with reference to pallet's position.

[C] The system validates that there are no deviations and the robot cnnunuesj

|
®

Figure20 Activity diagram ofSubuse case.3 Identification of the correct destination for the product on the shelf
(via ESL recognition and assortment plan)

7.3.4 Subuse cas&.4- Preparation of the products before replenishment

Description
UC1 SublUC2 4: Preparation of the products before

. replenishment

[C] The robot identifies the product that will be replenished. j

L

0 The robot removes all of the additional packaging (e.g. remove toppers, wrapping foil etc.) of the boxes
(where applicable).

[Cj The robot places the product on the table/ interim storage for an employee to handle it afterwards. <l> Does th € q u al Ity Of the prOd UCtS meet
] NO

the predefined quality standards?
YES

[D The robot continues with the replenishment process. }

|
®

Figure21 Activity diagram ofSubuse case?.4 Preparation of the products before replenishment
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7.3.5 Subuse case&.5- Product replenishment (applying FIFO principle and overstock management)

Dezcriptian
(annlying FIFO

*

The robot captures the scens of the shell.

-

I

/T-\

ttners 10 pisce the procict. ]

Is the designated area on the shelf empty?

|

‘The robot spacifies which s the i i
() tne wal, normal shetves, iguor

open
and wine shelves)

Does a nested shelf exists?

Is the shelf area partially occupied?

YES
NO

NO

| S—
YES

Does the product fully occupy its i

Are there boxes on the pallet that still don't fit the shelf?

corresponding area on the shelf? : NO
o - O
—_ NO YES YES
YES . ‘ -
E7 s Mo est Foms oAk the <> Is the robot's table/ interim storage fully occupied?
NO
Thsl:lnp-:nﬂ-ullnlin-pnnmlmn-Muhemmmlm1ﬂmnm4mmmmﬂj [ | The system updates the log e displayed in Ul with allof the products that coukin' be j
- table/ interim storage of the robot (AFO principle). 7 replenished.
J The robot proceeds with replenishment

I

‘The robot places the new products from the pallet i the back of the sheit (applying FIFO principie)

-

table back on the shelves, so

products with earfier expiration dates are in front.

|

(
[,
E,
[,

S—

NO

Is the pallet empty? <>

YES

®

Figure22 Activity diagram ofSubuse case?.5 Product replenishment (applying FIFO principle and overstock management)
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7.3.6 Subuse cas&.6- Movement back to the resting position/charging

Description L|

UC2 SubliC2 B Maovement back to the resting position?
. charging station

] The robot performs restocking tasks j

[C] The robot checks if all restocking tasks are completed. J

o]
o <> Are all the tasks completed®

YES

The system notifies the user through the Ul for the restocking completion

0

The system assigns the navigation goal of the resting/icharging station to the robot

0

U

The robot stops when arrives at the resting/recharging station.

The robot navigates autonomously to the resting/charging station. J

0

@®

Figure23 Activity diagram ofSubuse case&.6 Movement back to the resting position/charging
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7.4 Usecase 3 Baggage loading and unloading from conveyor baticarts (FG)

7.4.1 Subuse case.1- Preparing for loading

Description

. LIC3 SublUC3.1: Preparing for loading

)[ [ ] The operator defines through User Interface (Ul the task (flight).

[[:] The operator assigns the baggage cart to be used.

NO
YES

<> Are the task and the baggage cart valid?

[C] The robot starts navigating autonomously towards the baggage cart.j

L

(C] The robot takes position near the baggage cart ]

L

(D The system checks for humans presence and static obstacles in the]

working area.

!

@

Figure24 Activity diagram ofSubuse case8.1 Preparing for loading
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7.4.2 Subuse case.2- Recognizing Baggage for assigned flight

[ The visual sensors capture the scene. ]
[ The system detects moving baggage on e Conveyor carousel. ]
( The robot determines the type of moving item.
. x NO o The item is ignored
Is the type of the item acceptable?<>
YES [
NO !
L s e ot | <> Is the bagtag visible?
YES
Is the bagtag visible? <> YES ) [, The rootreads the bagtag, ]
‘ NO

[ The rabat assesses the destmation and weight rom the bagiag J

E The robot waits when the baggage comes around

L again

‘ YES

Are the destination and weight 7 NO
Is the bagtag visible? 07 in the handling parameters? <>
NO YES
[ J The robot alerts the operator. ( The robot determines baggage dimensions and other features. ]

®
Figure25 Activity diagram ofSubuse case8.2 Recognizing Baggage for assigned flight

7.4.3 Subuse case.3- Loading of allocated baggage on the cart

Description [N
UC3 SublIC3.3: Loading of allocated haggage on the cart

o
|

The robot decides how to handle the baggage

|

The robot transfers the baggage to the interim conveyor belt

U

U

The robot determines how and where to place the baggage

U

The robot places the bag onto the cart (among the other baggage)

U

The robot stores/transmits the bagtag information of the placed baggage

_ S /N /S N

U

@

Figure26 Activity diagram ofSubuse case3.3 Loading of allocated baggage on the cart
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7.4.4 Subuse cass 3.2¢ 3.3- Concatenation

Description L,

I G2 BubUC32 and SublUC33

() The robot recognizes Baggage for assigned flight (SubUC_3.2) }

[Cj The robot loads of allocated baggage on the cart (SubUC_3.3) }

Were all the flight's baggage loaded?

|

<> YES
|
%

NO
NO Is the baggage cart full?
YES
[C] The robot asks the operator for the next baggage cart.

The robot starts navigating autonomously towards the baggage cart. j

0

|

The robot takes position at the baggage cart selecting the "optimal” position.

0

|

The system checks for humans presence and static obstacles in the working area.

U

Figure27 Activity diagram of the concatenation dbubuse cass 3.2 and 3.3
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7.4.5 Subuse case8.4- Movement back to resting position/charging point

Description |_|
U3 SublUC3 4 Moverment back to resting position!

. charging point

[C] The operator instructs the robot to move back to the station or the robot needs to be charged h

)

[C] The system assigns the navigation goal of the resting/charging station to the robot

The robot navigates autonomously to the resting/charging station.

U

The robot stops when arrives at the resting/recharging station.

Figure28 Activity diagram ofSubuse case8.4 Movement back to resting position/charging point

e
U
- S N

108



D2.4¢ MANIBOT system technical specificatiomd architecture MANIBOT

7.5 Usecase 4 Baggage loading and unloading from carts to conveyor belts (FG)

7.5.1 Subuse caset.1- Movement from resting position/charging station to the target position

Description

UCd SublUC4 1 Moverment from resting position/
. charging station to the target position

%[D The operator defines through User Interface (Ul) the task. ]

[[:] The operator assigns the destination (belt) for the robot. j

NO

<> Are the task and the destination valid?

YES

C] The robot starts navigating autonomously next to the arrivals belt
chosen on the elevated pavement track.

Q The robot waits in still mode for the arrival of the baggage carts to be
unloaded.

|
@

Figure29 Activity diagram ofSubuse caset.1 Movement from resting position/charging station to the target position
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7.5.2 Subuse caset.2-4.3-4.4¢ Concatenation

Description

. UC4 Sublca2 43 4.4

L

[C] The robot remains at position avoiding collision. j
[C] The robot captures the scene. j

L

[C] The robot detects proximity of moving baggage tractor with Imdedj
carts.

L

[C] The robot recognizes that baggage carts are positioned alongside j

the pavement track.

L

The robot moves besides the firstinext baggage cart selecting the
"optimal™ position.

C] The system checks for humans presence and static obstacles in the
working area.

|

<> Is the working area clean?

NO
YES

[D Proceeds with the unloading of the selected cart {SubUC4.3) j

NO <> Have all the carts been unloaded?

J YES
O

Figure30 Activity diagram of the concatenation cBubuse case 4.2-4.3-4.4
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7.5.3 Subuse casel.3- Unloading from Cart to Conveyor belt

Description
UC4 SublUC4.3: Unloading from Cartto Corveyar belt

®
|

([:] The robot decides which baggage to with least di to ling baggage. j
[[:] The robot decides how to manipulate the bag.

1

D The robot handles the bag and with such speed that the next baggage doesn't collide and disturbs the
manipulation.
L ves : :
. D Define the alternative way that the baggage will be handled.
Is excessive force needed to handle? <> f
NO
Is there a bagtag? <> YES B The robot scans the bagtag. ]

NO

1
[ )

[C) The robot checks that there is no other baggage on the conveyor belt's destination point} [[:] The robot transfers bag to moving conveyor belt using the interim conveyor belt. ]

—

[C] The robot ensures baggage is placed completely on the moving belt (as would be seen from top-down ]

view).

|

NO
<> Is the baggage cart empty?
| YEs
[[:] The robot movies to next baggage cart j

L

®

Figure31 Activity diagram ofSubuse caset.3 Unloading from Cart to Conveyor belt
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7.5.4 Subuse casel.5- Movement back to resting position/charging point

Description [N
U4 SublUC4 5 Movernent back to resting position!

. charging point

[C] The operator instructs the robot to move back to the station or the robot needs to be charged

The system assigns the navigation goal of the resting/charging station to the robot

U

U

The robot stops when arrives at the resting/recharging station.

The robot navigates autonomously to the resting/charging station. }

U

O

Figure32 Activity diagram ofSubuse caset.5 Movement back to resting position/charging point
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8 Implementation

8.1 Introduction

This chapter comprises an overview of A Ni BOT system and its software
begin with a brief description of the main framework that most modules employ and introduce the source
code management platform. The chapter continues with a description of the hardware requirefoetits

employed software tools, and continues with a detailed description of the main hardware components of
MANIBOT system including a preliminary analysis for the computational resources needed.

8.2 Development View
8.2.1 Robot Operating System (ROS)

TheMANIBOTsystem comprises of one mobile platform with two robotic manipulators, various sensors, and

a data management/computation computer, that need to be able to communicate with each other.
Therefore, an operating system is needed for the integration of asgnclus sensors with the computation

PC and the mobile and manipulation robotic platforms. The role of which is fulfilled by the widely used open
source software platform ROS (Robot Operating System). Since ROS will be the main integration medium, we
will briefly describe its main components such as the nodes, messages, topics, and services.

The main processes are being executed as ROS nodes. A ROS node is a process that performs some
computation and makes its result available for other processes through the ROS infrastructure. A ROS node
can either be a multithread process or a single thrpaacess and it can perform computations by request

or at a given frequency. The use of nodes in ROS helps to create an easily maintainable distributed system.
Crashes are isolated to individual nodes, which makes debugging easier and more straightfédivard.
running nodes have a uniquely defined name that makes them visible and identifiable to the rest of the
system.

ROS offers a wedlupported communication system; nodes can exchange data through topics by posting and
receiving ROS messages, which aedpfined data structures supporting all common data types (integer,
floating point, boolean, etc.) but also can suppo
done by using the same topic, one node publishes data and another node subdorithee same topic to

receive them. ROS supports remote procedure calls, which can either be the type of services or actions. A
ROS service is a blocking caltamtrastto a ROS action which is nbiocking. Both services and actions
require one or morelients and exactly one server. A client can make a request to a service server and it will
receive the corresponding response after the service process ends. An action client can send a goal to an
action server, which can send feedback during the whaie bf processing and return the final result at the
completion of the task.

8.2.2 Module Development

Name Owner Programming
Language / Technology

C++, Python, ROS, OpenCV, PCL,
Tensorflow, PyTorch

Tactile Sensing Module UoB C++, Python, ROS

Predictive Proximity Sensing SSSA/CERTH C++, Python, ROS, OpenCV, PCL,
Module Tensorflow, PyTorch

Visual Sensing Module CERTH/TUW
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Multimodal Sensing CERTH C++, Python, ROS, OpenCV, PCL,
Orchestration Module Tensorflow, PyTorch

Ct+, Python, ROS, OpenCV, PCL,

Visual Scene Understanding

Module CERTH Tensorflow, PyTorch

Federated XAl Module THL C++, Python, ROS, Tensorflow, PyTorc
Mobile bimanual lowlevel UBU C++, Python, ROS

controller

Robot Navigation Module CERTH C++, Python, ROS

Multi-modal adaptive control

Module AUTH C++, Python, ROS

Mobile Bimanual Motion
Coordination Module

Contact Reaching Module AUTH C++, Python, ROS
Hybrid Control Module AUTH C++, Python, ROS

C++, Python, ROS, OpenCV, PCL,
Tensorflow, PyTorch

C++, Python, ROS, OpenCV, PCL,
Tensorflow, PyTorch

AUTH C++, Python, ROS

Adaptive Modelling Module CERTH

Scene & Task Graph Generat TUDa

Learning to Plan from
Demonstrations Module

Adaptive Task Planner TUDa C++, Python, ROS, Tensorflow, Pgiio

TUDa C++, Python, ROS, Tensorflow, PyTorc

Bimanual Manipulations
Orchestrator

MANIBOT HRI Interface CERTH Javascript, ROS, Angular, NodeJS, rosl
Data Management Module CERTH/THL | Javascript, NodeJS, MySQL, MongoDB

TUDa C++, Python, ROS, Tensorflow, PyTorc

8.2.3 Source Code an@onfiguration Management

In software development the core of development management depends to a version control system which
is essential in large scale projects, where multiple partners must contribute to the developing system. Such
system is able tamaintain current and older versions of files and folder structure, allowing multiple
programmers to easily cooperate. Configuration management contains version control, and extends it by
providing additional methods for project management such as:

. identification of Software Configuration Items (SCIs) and their versions through unique identifiers
. control over performed changes through management or instance control

. accounting of the state of individual components

. auditing of selected versior{g/hich are scheduled for a release) by a quality control team

For the development and management of the source code for all MANIBOT modules, Git will be used, which
is a free and opesource distributed version control program.
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8.3 Deployment View
8.3.1 System H/W Achitecture

The system's hardware architecture is designed based on the analysis of the expected robot functionalities,
i.e. the system functional requirements described in D2.2, the available technolodpie base, and the
consortium members' unique idea Before constructing the physical prototype, multiple simulated
iterations were done to assess its requirementsd to confirm hypothesesTransitioning to the physical
systemvalidated many critical structural assumptions, examined manufacturing feasibility and identified
discrepancies between simulated and physical environments. A direct result of this process was the selection
of steelas the material thatvouldbe used forhe frame. Similarly, the dimensions wereiterated and fine

tuned to match the requirements of the use cases and distribute the load in a way that will ensure the system
will be able to handle heavy objects without issukshould be noted that eachedtation o the platform
maintained all structural advancements of its previous el the twelfth and final design is a robust and
modular subsystem that has additional compartments to house additional devices and subsyBhems.
following sections coveihe hardware architecture from both the functional and physical perspectives. The
functional architecture is a todown view of how the system's functionality will be realised through specific
H/W components. Similarly, the primary system functions wélldovered in the following sections. The
recognizel hardware components of the system are organised in the following structure, which represents
the system's physical components:

. MANIBOT Mobile Robotic Platforms
. Robot Cognition and Data Management Wstation

Furthermore, we present the hardware requirements per software module. diedysis of hardware
requirements per module allows us to estimate the necessary computational resources for the entire system
accurately In this document, we present thnitial estimation for each software module, which is likely to

be updated later on and reported in the WP6 deliverables.

8.3.1.1 MANIBOT Robotic Platforms

The MANIBOT Mobile Robotic Platforms integrated in the MANIBOT project argnwar mobile robotic
platforms based on twdlifferent ABB-lexley AMRnhodels (AMRP204 arAMRP603/60%each carryingwo
GoR-12manipulators by ABB. They are modular genprapose platforms in which various types of sensors
will be integrated. The need for wdifferentmobile platformsarises from the differentequirementsof the
projects use cases and the need fdifferent autonomous navigation approaches in the airport and
supermarket use case3he mechanical specifications of the MANIBOT platfoffigai(e33) are based on
the user requirements analysis of D2.2 dhe description of the pilot sités e n v i analysedénrsection
6.3. The specificatiorare the following:

. Width: < 67 c¢cm
. Length =180 cm

. Height:100cm

. 2 x GoFa 12 arm

. 2 X linearactuators

. Mobile patform conveyor belt
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Figure33MANIBOT basic platform design. The AMR model at the base will be differentiated betweeltvibe
platforms.

For UC3 and UCAéemobileplatform’ s max wi dt h wi l |l be at 6 Forthesee The
use casefABBAMRP204) has a width of 57 cm, the extra space is occupied by the side structural supports.
This width is perfectly adequate for all §40d affords enough extra space to navigate. With future redesigns,

it might be possible to decrease the widthien less than 6€m, but it cannot exceed thatalue The length

is going to be B m. This is a compromise to be able to reduce the width. kdiehe platform has most of

its components arranged along its | enUCalterestricktd s sh
in the lateraldimension.Simulation has validated these dimensions as appropriate for all environments.

Both MANiBOMobile Robotic Platforms will integrate two GoFa 12 arms that will perform the manipulation
tasks with the help of the different sensofs.g, vision,tactile and proximity sensorghat will provide
enough information of the surroundings, in addition to the required grippers which will be connected to each
arm in order to complete the required tasks should be noted that the max payload a GoFa 12 can handle
is 12 kg, which mearthat whenthe system encounters heavier objeck®th armswill be usedand/or the
object will be dragged on the conveyor bedince the max weight from the specifications will be 23 kg, the
control algorithm will face the challenge to distribute the Ida@tween the two arms and complete the tasks
efficiently. The next figure provides a scheme of the components integrated in the robot and their
interaction.
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"’ | r
Gripper 1 1 Proximity Safety
- Sensors Lasers
Tactile GoFa121
Sensors
AMR
} - Flexley Mover
o

Gripper 2

TABY o
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.

Orbbec
Gemini 336L
- Orbbec
Femto Mega

Figure34 Overview of the MANIBOT hardware architecture

Conveyor
7 Belt

The componentshown in Figure 8will be integrated to the chassis shown in Figu® 8reating the
MANiIBOTmobileplatform. Additional systemand componentsvill be housed on board to collect the signals
and coordinate all MNIBOT s f unctions. ThieRlele6systems are shown

Table6: Control and Auxiliary devices

$ AOEAA 10AT CS$SEI ATOETTO jii ¢ 7TAECEO

21T AT O #1160 q TUTT p QT P )
YT OAOOAO 0 TUTT p CULUT P X
"AOOAOU G TN p CTM P pu

#1 1 OAUT O 0 @M TPTT P CTUT LTI

5# § %i AAAA P CUTT p PUT P T8 u
0# C mm p CTmTmI P ?
*AOOTT |.6)% q PTMT p PTT P ?

5# § %i AAAA o CTMTM p CMT P m8u
#1 1 DPOOET C ¢ 0 CTMT p CMNT P ?

To test the range anthe theoretical reachable envelopgnd ensure that the designed platform addresses
the reachability requirements of the use casasenvelopestudy was conducted usirige ABB RobotStudio
software suite The GoF42 arms were placed on the mobildgtform in their respective place and tlire
reach was simulated. Figur®& 8nd Figure 8 show that the reachable envelefn both the supermarket and
the airportuse casesslarge enough to cover all relevant points within a safe operational margin.
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Figure35 Reactenvelop in the supermarket environment.

Figure36 Reach envelop in the airport environment.

Thespaceeach armcanreachnot only spans all relevant areas, but it has enough overlap with each other to
allow for dual manipulation of larger and heavier objects.
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Complementary to theeachabilitystudy, a trajectory study was also conducted. The purpose of this study
was toexamine the manipulability and dexterigf the expected motionsThis analysis was conducted
exclusively for the airport use cases, as it represents the most demanding scenarios within the MANIBOT
project, involving the manipulation of large and heavyealg directly on top of the robotic platform.

1 Multiple trajectories were tested involving object pickup and placement actions.

1 Complex motion sequences were simulated, including reaching across the platform, simultaneous
dualarm coordination, and maneuvers around structural elements.

The following representative tasks were analyzed:

1 Picking up luggage from a conveyor and pladirmnside a cart.
1 Handing over objects between the two arms.

Figures 37-39 show the simulated trajectories whetmansferringa suitcasefrom the conveyor beland
placing it irside the transportart.

r‘t
8l
L

I [
i
-

BERLELA] B

00 )R

Figure37 Transferringa suitcase from the conveyor belt
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Figure38 Placing a suitcase on theAMiBOPlatform

Figure39 The suitcase is placedsidethe cart

During the simulation, no singularities or critical limitations were observed while each task was successfully
completed. Additionally, thervasno excessive joint effort, confirming the suitability of the robotic arms for

the selected useases.

In summay, the GoFa 12 arnmombined with the linear actuators thatlow them to move closer to their
targets (initially the conveyor belt side and then the cart sisl)sfy the requirements for the MNIiBOT
platform. Their compact design, high dexterity, andahanical range allow for the executiof the tasks

that each use case incorporatamsaking them a sound choice for this project.
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8.3.1.2 Robot Cognition and Data Management Worksian

The robot cognition and data management workstation will providengaeessary resources for the cognition
tasks of the robot in real time. Furthermore, it will facilitate the hurrabot interaction interfaces with map
overlays and task planning by the supervisor. The data management module can be also implemented in the
same machine due to the close association it has with the cognition and interaction modules. The minimum

hardware requirements for this workstation are the following:

CPU: Multicore processor with 8 cores at 3.5GHz or higher
GPU: Nvidia with min memo&2GBat 15GHz minimum of 3000 CUDA cores

MEMORY: 32GB DDR5
STORAGE: 2TB RAID1 SSD

NETWORK: 2 x 1Gbps Ethernet ports minimum

8.3.1.3 Hardware requirements per software module

Software module Online/Off-line | Hardware requirements
CPUMulticore with 6 cores at 4GHz
RAM: 32GB
HD: Min 500GB
Visual Sensing Module Online GPU: Nvidia with min memory 12GB1&GHz

minimum of 3000 CUDA cores
Extra Hardware: Orbbec Gemini 336L, Orbbec Fer
Mega (RGBD Cameras)

Tactile Sensing Module Online

CPU: Multicore with 6 cores 4GHz

RAM: 32GB

HD: Min 200GB

GPU: Nvidia with min memory 12GBL&iCHz
minimum of 3000 CUDA cores

Extra Hardware: Additional USB2 bus in PC

Predictive Proximity Sensin

Online
Module

CPU: Multicore with 6 cores at 4GHz

RAM: 32GB

HD: Min 200GB

GPU: Nidia with min memory 12GB 45GHz
minimum of 3000 CUDA cores

Extra Hardware: Data Acquisition System (DAQ),
Waveform generator

Multimodal Sensing

Online
Orchestration Module

Min 32GB RAM
Multithreaded CPU (i7 10th gen or similar)
Robot & platform wih sensors

Visual Scene Understandini

Online
Module

CPU: Multicore with 6 cores at 4GHz
RAM: 32GB

HD: Min 500GB

GPU: Nvidia with min memory 12GBl&iGHz
minimum of 3000 CUDA cores

Federated XAl Module Onine / Oftline

CPU: Multicore with 8 cores 4GHz
RAM: 64GB
HD: Min 500GB
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GPU: Nvidia with min memory 24GBLl&iGH,
minimum of 3000 CUDA cores

Mobile bimanual lowlevel
controller

Online

CPU: Intel Core i7

RAM: 32GB

HD: Min 500GB

GPU: Intel Iris X graphics

Robot Navigation Module

Online

TBD

Multi-modal adaptive
control Module

Online

CPU: Multicore processor with 8 cores at 3.5GHz ¢
higher

RAM: 32GB DDR5

HD: 500GB SSD M.2

Network: 2x 1Gbps Ethernet ports

Mobile Bimanual Motion
Coordination Module

Online

Multicore processor with 8 cores 8t5GHz or higher
32GB DDR5

500GB SSD M.2

Network: 2x 1Gbps Ethernet ports

Contact Reaching Module

Online

Multicore processor with 8 cores at 3.5GHz or high
32GB DDR5

500GB SSD M.2

Network: 2x 1Gbps Ethernet ports

Hybrid Control Module

Online

Multicore processor with 8 cores at 3.5GHz or high
32GB DDR5

500GB SSD M.2

Network: 2x 1Gbps Ethernet ports

Adaptive Modelling Module

Onine / Oftline

CPU: Multicore with 6 cores at 4GHz
RAM: 32GB

HD: Min 500GB

GPU: Nvidia with min memory 12GBl&iGH,
minimum of 3000 CUDA cores

Scene & Task Graph
Generator

Online / Offline

CPU: Multicore with 6 cores at 4GHz
RAM:64GB

HD: Min 500GB

GPU: Nvidia with min memory 24GBL&iGH,
minimum of 3000 CUDA cores

Learning to Plan from
Demonstrations Module

Online / Offline

CPU: Multicore with 6 cores at 4GHz

RAM: 64GB

HD: Min 500GB

GPU: Nvidia with min memory 24GBL&000MH,
minimum of 3000 CUDA cores

Adaptive Task Planner

Online

CPU: Multicore with 6 cores at 4GHz

RAM: 64GB

HD: Min 500GB

GPU: Nvidia with min memory 24GBl&iGHz
minimum of 3000 CUDA cores

Bimanual Manipulations
Orchestrator

Online

CPU: Multicore with 6 cores at 4GHz
RAM: 64GB
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HD: Min 500GB
GPU: Nvidia with min memory 24GBl&iGHz
minimum of 3000 CUDA cores

CPU: Multicore with 6 cores at 4GHz

RAM: 32GB

MANIBOTHRI Interface Online HD: Min 500GB

GPU: Nvidia with min memory 12GBl&iGHz
minimum of 3000 CUDA cores

HD: 2TB SSD
Data Management Module | Ontline / Offline | CPU: Multicore with 6 cores at 4GHz
RAM: 32GB

8.3.2 Preliminary Analysis of Computational Resources

As briefly described in secti@3.1, the mobile robotic platforms of MANIBOT will integrate multiple sensors

and a large amount of data will be collected during their operation. Most of the collected data should be
processed odine for the navigation and localization system and for the perception modules. Thus, significant
computational resources will be requirddeeTable6 for a preliminary estimation of these resourceshn
average commerci al comput er ¢ ann o whichwilhrelguire datatioe p |l a
be collected, processed and interpreted-time. Our preliminary analysis supports that the NVIDdfson

boards will suffice for processing data collected by ®G&nsors, and CUDA enabled GPUs will suffice for
processing the navigation/localization sensors and additional sensor data.

Furthermore, the system requires significant computational resesirfor training models for all software
modules that use Al and the dffie procedures that are timeonsuming, such aglaptive modelling Thus,

extra workstation computers with CUDA enabled GPUs, #ttutiaded CPU and minimum 32GB RAM are
required. Gien that this is the preliminary analysis, we plan to present the computational analysis in detail
in WP6deliverables.
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9 Conclusion

This report presented the MANIi BOT conceptual arch
providing acomprehensive overview of all components and illustrating their Heglkl functionality and
interdependencies. The analysis conducted here follows a hierarchical pattern in detail. Inspired from the
Rozanski & Woods paradigfi], we established a respeed methodology to define the MANIBOT
architecture on a hierarchical basis.

This starts from the MANIBOT concept and proceeds to theleigk description of the abstract modules,
describing the system’s funct i onnaaly interactopsowitle eaths |, t |
other. Moving deeper in the hierarchy, the dynamic analysis of the system provides an overview of each sub
use case by wusing an activity diagram, depicting

A functional analysis of the systewas performed by defining the system functional requirements depending
on the identified sukuse cases of the system. Also, technical specifications, comprising performance
requirements, software and hardware requirements, were defined and mapped toragairements and
subuse cases.

A Development view presents how the architecture supports the development process, while the
Deployment View describes the hardware requirements of the software components for the MANIBOT use
cases.

To sum up, by applyingpé¢ presented methodology to our architectural design, we have identified the main
building blocks of the system and broke them down into manageable components, with specific
responsibilities and functionalitiesSince we are applying an iterative approachsystem design and
development the presented architecture and specifications will further be revised and updated utilising the
development and deployment feedback. The updated analysis will be tracked via internal reports and
presented in future MANiBOGdeliverables, such as D6 tegrated bimanual mobile manipulatoobot”.
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Annex.: Priority Ranking of the System Functional Requirements

NI(IJD./ Ranked Robot Functional Requirements Priority
SFRO01 Recognize the product to be replenished High
SFR0Z Recognize expired and damaged products Medium
SFRO3 Recognize the replenishment cart Medium
SFR04 Recognize dimensions and orientation of each product per box High
SFR05 Recognize dimensions and orientation of boxes per pallet High
SFR0§ Recognize the type of box Medium
SFRO7 Recognize electronic shédtbels and extract content Low
SFRO0§ Recognize the remaining space on shelves High
SFROY9 Detect the appropriate baggage cart Medium
SFR1(Q Detects moving baggage on the conveyor belt High
SFR11 Recognize the front side (i.e., customer facing sidegémh box Medium
SFR12 Detects each baggage separately identifying its shape and dimensions High
SFR13 Recognizéiow many boxes of a specific product item can fit on the shelf Medium
SFR14 Recognizevhen a baggage cart is full or empty High
SFR15 Recognizelamaged luggage for the arrivals Medium
SFR16 Recogniz¢he luggage material (soft or hard) Medium
SER17 :[Ar\]t;ilgetlc; determine the optimal quantity of products for placement at the forefront of Medium
SFR18 Recognizenisplaced products on the shelves Medium
SFR14 Et;(;(;ggr;izehe free space at the target destination (baggage cart or belt) to place the High
SFR2d :str:;);\r/r;;ggfhty check on products (flowers are not withered, fruits and vegetables Low
SFR21 Recognize the location for the baggage placement High
SFR27 Recogniz¢he proximate area and shelves and compare the predefined assortment Low
planogram with the actual placement of the ESLs
SFR23 Recognizdoxes' arrangement/placement on pallet (top to bottom) Medium
SFR24 (F:;c;)gsn(i;:pnzzzrg;s;sortment on shelves according to ESLs and per product definec Medium
SFR25 Identify the correct destination qn the shelf (through I?SL)rgthe prior recognition of High
the mixed pallet and the respective product on the mixed pallet
SFR26 Inspect the state and replenishment feasibility of each package (per product) Medium
SFR27 Recogniz¢he mixed pallet High
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SFR28 Recogni ze and track humans’' trajector Medium
SFR29 Detects proximity of moving baggage tractor with loaded carts Medium
SER3d ;Zzgr;);;)t decides which baggage to remove with least disturbance to surrounding Sl
SFR31 Platform 2D/3D localization High
SFR32 Platform Path planning ability High
SFR33 Platform humaraware navigation High
SFR34 Ability to move on the pavement area alongside the conveyor belt High
SER34 Apility to step up to the pavement area (heigticm) around the conveyor belt (with o Low
without the use of a ramp)
SFR36 Navigate avoiding restricted areas Medium
SFR37 The robot selects a desired position regarding the baggage cart Medium
SFR3§ Grasp products from boxes High
SFR39 Ability topick and place single items High
SFRO | Ability to pick up boxes with max weight up to 10 kg High
SFR1 | Ability to pick up boxes without damaging them High
SFR2 | Place the products in the correct positions High
SFR43 iFt’(IjT(]:s the products that expiesarlier in the front of the shelf ahead of newly received Medium
SFR44 :’r::c;ig:sn}:]);(:ducts in a specified orientation, ensuring the front side of the product f Medium
SFR45 Place momentarily the boxes on its equipped tabl@wother interim storage position High
SFR46 Manipulate and replenisproduct boxes Medium
SFR47 Ability to close and open nested shelves, fridges, or freezing units Low
SFR4d :\tt;i:zé ;opgc;)rsa;tki)or;eswspapers and magazines enclosed in brown boxes andipacn Low
SFR49 Ability to open closed boxes and stock their content in the corresponding shelves Low
SFRO | Grasp the luggage that made from soft material gently Medium
SFR51 Ability to prepare the products/SKUs (e.g., removing daoxl or plastic foil toppers) Low
SER52 Ega}sci:teizor:isplaced products in an interim storage position or to the cart or to the right High
SER53 ll;’(l)ici:t?ot:e surplus products that cannot fit on the shelf, in a predefined interim storag Medium
SER54 :\Ilzci:lzttJT: products in the right position without using a planogram or consult it when Medium
SFR55 Place the luggage made of hard material below the luggage made of soft material Medium
SFR56 Place the luggage withdistance between them on the reclaim belt for the arrivals Medium
SFR57 Place the luggage within the boundaries of the belt/cart High
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SFR58 Handle luggage only for the flight that has been allocated to Medium

SFR59 Ability to restock shelves withroduct/SKUs from the pallet (top to bottom) High

SERE Al?ility_/ to grasp a!l types of products within the test sample safely using a versatile Medium
gripping mechanism

SERG1 Place empty (cardboard) boxes from replenished items into a bin cart looatedo the Low
pallet.

SFR62 Manipulate the baggage to detect the bagtag High

SFR63 Ability to avoid collision with moving or static objects High

SFR64 Ability to avoid collisions with itself in bimanual tasks High

SFR65 Detects the optimal contagtoints in boxes, bags and products to grasp the item High

SFR66 Robot pauses its current task if employee or customer is too close to it High

SFR67 Robots pauses and resumes tasks according to user's command Medium

SFR64 Ability to complete restockintasks for sh.elves within a mobility radius (parameter wit Medium
default value e.g., 5 meters) from the mixed pallet

SFR64 F)ecides from where it can Ieave_ t_he pavement track (either because it has been Medium
instructed to by the operator or if it needs to lwharged)

SFR7(Q User defining replenishment task and destination Medium

SFR71 User defining task and destination in the airport belts Medium

SFR72 User commanding through interaction interface the robot to move to specified locati Medium
(shelf orbelt)

SFR73 Interaction interface notifies the user about the restocking task progress Medium

SFR74 Interaction interface notifies the user if the robot needs help with the identification of Medium
product, bag etc.

SFR75 Interaction interfacenotifies the user for help when a product falls on the floor Medium

SER76 Ability to give a signal (either audio or visual) when robot's workspace is invaded by High
human

SFR77 Interaction interface notifies the user when the replenishment processisplete Medium

SFR78 Interaction interface notifies the user if any of the processes failed Medium
Interaction interface notifies the user about the absence of planogram and difficulty :

SFR79 . . . Medium
defining the right product position

SFRsd Interaction interface alerts when the bag it is manipulating is out of its capabilities (t Medium
heavy, too long, no handles, out of reach etc.).

SFR81 Interaction interface alerts when no bagtag found Medium

SFR87 The robot alerts the operator if nother cart is found, goes in standby mode and awai Medium
input from operator.

SFR83 Notifies the user through the Ul for the table/interim storage state Medium
Robot st [retri the bagtag inf i f the placed b in/f th :

SERS4 obot stores/retrieves the bagtag information of the placed baggage in/from the High
database

SERSH Scans barcode and retrievgs information of the paper label and checks if it correspg Medium
to the product to be replenished

SFR86 Retrieves information about the ESL tags Low
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Annexll Mapping of the User Requirements to Technical Specifications

High Priority

Medium Priority

Low Priority

Technical Specifications

Sub Use Case

Related
Requirements

System Functional Requirements

Performance
Requirements

Hardware Requirements

Software Requirements

SubUC1.1
Movement from
resting
position/charging
station to the
target
replenishment
cart

SFRO031 Platform 2D/3D localization

reaktime, < 10 cm (RPE)

2D/3D LidarsRTKGPS

SFRO032Platform Path planning ability

reaktime

C++, Python

SFR033Platformhumanaware
navigation

reaktime

2D/3D LidarsRGBD cameras,
Proximity Sensors

Python, PyTorchlensorflow,
OpenCV, PCL, Camera AP

SFRO066 Robot pauses its current task
if employee or customer is too close t
it

reaktime

2D/3D Lidars, RGBD cameras,
Proximity Sensors

OpenCV, PCL, Camera AP

SFRO03Recognize the replenishment
cart

reaktime

GPU: Nvidia with min memory 12G
at 15000Mbps, minimum of 3000
CUDA corefRGBD cameras

Python, PyTorchlensorflow,
OpenCV, PCL, Camera AP

URO1,URO03,URO05,l
R06,URO07,
UR20,UR24,UR27,1

SFRO28Recogni ze
trajectory

and

reaktime

GPU: Nvidia with min memory 12G
at 15000Mbps, minimum of 3000
CUDA corefRGBD cameras

Python, PyTorchlensorflow,
OpenCV, PCL, Camera AP

R28,UR29,
UR30,UR32,UR33,l
R34,UR35,UR36

SFR036Navigate avoiding restricted
areas

reaktime

GPUNVvidia with min memory 12GE
at 15000Mbps, minimum of 3000
CUDA corefRGBD cameras

Python, PyTorchlensorflow,
OpenCV, PCL, Camera AP

SFRO6# Robot pauses and resumes|
tasks according |

reaktime

Angular, NodeJS, Javascript
Webbrowser

SFRO70User defining replenishment
task and destination

reaktime

Angular, NodeJS, Javascript
Web browser

SFR0O72User commanding through
interaction interface the robot to move
to specified location (shelf or belt)

reaktime, <10cmaccuracy

Angular, NodeJS, Javascript
Web browser

SFRO78Interaction interface notifies
the user if any of the processes failec

reaktime

Angular, NodeJS, Javascript
Web browser
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High Priority

Medium Priority

Low Priority

Technical Specifications

Sub Use Case

Related
Requirements

System Functional Requirements

Performance
Requirements

Hardware Requirements

Software Requirements

SubUC1.2.

Identification of
the products in
the
replenishment
cart

SFRO001Recognize the product to be
replenished

reaktime

GPU: Nvidia with min memory
12GB at 15000Mbps, minimum ¢
3000 CUDA coreRGBD cameras

Python, PyTorchlensorflow,
OpenCV, PCL, Camera AP

SFR004 Recognize dimensions and
orientation of each product per box

reaktime

GPU: Nvidia with min memory
12GB at 15000Mbps, minimum ¢
3000 CUDA coreRGBD cameras

Python, PyTorchlensorflow,
OpenCV, PCL, Camera AP

UR2,UR8,UR12,U
3,UR20,UR21,UR2:
UR24,UR25,UR27,1
R28,UR29,UR30,Ul

SFRO002 Recognize expired and
damaged products

reaktime

GPU: Nvidia with min memory
12GB at 15000Mbps, minimum ¢
3000 CUDA coreRGBD cameras

Python, PyTorchlensorflow,
OpenCV, PCL, Camera AP

32,UR33,UR34,UR3
,UR36

SFRO74Interactioninterface notifies
the user if the robot needs help with th
identification of a product, bag etc.

reaktime

Angular, NodeJS, Javascript
Web browser

SFRO75Interaction interface notifies
the user for help when a product falls
on the floor

reaktime

Angular, NodeJS, Javascript
Web browser

SFRO78Interaction interface notifies
the user if any of the processes failec

reaktime

Angular, NodeJS, Javascript
Web browser
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High Priority

Medium Priority

Low Priority

Technical Specifications

Sub Use Case

Related
Requirements

System Functional Requirements

Performance
Requirements

Hardware Requirements

Software Requirements

SubUC1.3.
Identification of
the right position
for the product

on the shelf

SFRO0O01Recognize the product to be
replenished

reaktime

GPU: Nvidia with min memory
12GB at 15000Mbps, minimum ¢
3000 CUDA cores, RGBD came

Python, PyTorch, Tensorflow
OpenCV, PCL, Camera AP

SFRO76Ability to give a signal (either
audio or visual) when robot's workspac
is invaded by a human

reaktime

RGBD cameras, Nvidia with mir
memory 12GB at 15000MHz,
minimum of 3000 CUDA cores,
Proximity Sensors

OpenCV, PCL, Camera API, V|
browser, Javascript, Angular,
NodeJS

UR3,UR4,UR5,URE¢

SFRO002 Recognize expired and
damaged products

reaktime

GPU: Nvidia with min memory
12GB at 15000Mbps, minimum @
3000 CUDA cores, RGBD came

Python, PyTorchTensorflow,
OpenCV, PCL, Camera AP

UR7,UR8,UR12,UR
3,UR20,UR22,UR2:
UR24,UR26,UR27,1

SFRO026Inspect the state and
replenishment feasibility of each
package (per product).

reaktime

GPU: Nvidia with min memaory
12GB at 15000Mbps, minimum @
3000 CUDA cores, RGBD came

Python, PyTorch, Tensorflow
OpenCV, Camera API

R28,UR29,UR30,UI
2,UR32,UR33,UR3/
UR35,UR36

SFRO74Interaction interface notifies
the user if the robot needs help with th
identification of a product, bag etc.

reaktime

Angular, NodeJS, Javascript
Web browser

SFRO75Interaction interface notifies
the user for helpvhen a product falls
on the floor

reaktime

Angular, NodeJS, Javascript
Web browser

SFRO78nteraction interface notifies
the user if any of the processes failec

reaktime

Angular, NodeJS, Javascript
Web browser

SFRO085Scans barcode anétrieves
information of the paper label and
checks if it corresponds to the produc

to be replenished

reaktime

GPU: Nvidia with min memaory
12GB at 15000Mbps, minimum @
3000 CUDA cores, RGBD camer

Scanner

Angular, NodeJS, Javascript
Web browserMySQL, Camerg
API
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High Priority

Medium Priority

Low Priority

Technical Specifications

Sub Use Case

Related
Requirements

System Functional Requirements

Performance
Requirements

Hardware Requirements

Software Requirements

SubUC1.4
Replenishment of
the shelves

SFR038Grasp products from boxes

reaktime

RGBD cameras

OpenCV, PCL, Camera API
PyTorch, Python

SFR042Place the products in the
correct positions

reaktime

RGBD cameras

OpenCV, PCL, Camera API
PyTorch, Python

SFRO052Place misplaced products in g
interim storage position or to the cart o
to the right shelf position

reaktime

RGBD cameras

OpenCV, PCL, Camera API
PyTorch, Python

SFRO59Ability to restock shelves with
product/SKUs from the pallet (top to
bottom)

reaktime

2D/3D Lidars, RGBD cameras

OpenCV, PCL, Camera API
PyTorch, Python

URS3,UR5,UR6,UR7

SFRO063 Ability toavoid collision with
moving or static objects

reaktime

2D/3D Lidars, RGBD cameras,
Proximity Sensors

OpenCV, PCL, Camera AP

UR8,UR9,UR10,UR
1,UR12,UR13,UR14

SFRO064 Ability to avoid collisions with
itself in bimanual tasks

reaktime

2D/3D Lidars, RGBD cameras,
Proximity Sensors

OpenCV, PCL, Camera AP

UR15,UR16,UR17,l
R20,UR21,UR24,UI
25,UR26,UR27,URZ

SFR065Detects the optimal contact
points in boxes, bags and products t¢
grasp the item

reaktime

RGBD cameras

OpenCV, PCL, Camera API
PyTorch, Python

,UR29,UR30,UR31,
R32,UR33,UR34,UI
35,UR36

SFRO76 Ability to give a signal (either
audio or visual) when robot\sorkspace
is invaded by a human

reaktime

RGBD cameras, Nvidia with mirn
memory 12GB at 15000MHz,
minimum of 3000 CUDA cores,
Proximity Sensors

OpenCV, PCL, Camera API, V|
browser, Javascript, Angular,
NodeJS

SFRO045Place momentarily the boxes
on itsequipped table or another interin
storage position

reaktime

RGBD cameras

OpenCV, PCL, Camera AP

SFRO002 Recognize expired and
damaged products

reaktime

GPU: Nvidia with min memory
12GB at 15000Mbps, minimum ¢
3000 CUDA cores, RGBD came

Python,PyTorch, Tensorflow,
OpenCV, PCL, Camera AP

SFR0O11Recognize the front side (i.e.
customer facing side) for each box

reaktime

RGBD cameras, Nvidia with mir|
memory 12GB at 15000MHz,
minimum of 3000 CUDA cores

OpenCV, PCL, Camera API
PyTorchPython
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SFRO13Recognize how many boxes (
a specific product item can fit on the
shelf

reaktime

RGBD cameras, Nvidia with mir|
memory 12GB at 15000MHz,
minimum of 3000 CUDA cores

OpenCV, PCL, Camera API
PyTorch, Python

SFRO17 Ability todetermine the
optimal quantity of products for
placement at the forefront of the shelf

reaktime

RGBD cameras, Nvidia with mir|
memory 12GB at 15000MHz,
minimum of 3000 CUDA cores

OpenCV, PCL, Camera API
PyTorch, Python

SFR018Recognize misplacqutoducts
on the shelves

reaktime

RGBD cameras, Nvidia with mir
memory 12GB at 15000MHz,
minimum of 3000 CUDA cores

OpenCV, PCL, Camera API
PyTorch, Python

SFRO043Place the products that expire
earlier in the front of the shelf ahead o
newlyreceived items

reaktime

RGBD cameras

Python, PyTorch, Tensorflow
OpenCV, PCL, Camera AP

SFR044Place the products in a
specified orientation, ensuring the fron
side of the product faces the custome

reaktime

RGBD cameras, 2D/3D LiDAR

Python,PyTorch, Tensorflow,
OpenCV, PCL, Camera AP

SFRO53PIlace the surplus products the
cannot fit on the shelf, in a predefined
interim storage position

reaktime

RGBD cameras, 2D/3D LiDAR

OpenCV, PCL, Camera AP

SFRO60Ability to grasp all types of
products within the test sample safely
using a versatile gripping mechanisn

reaktime

2D/3D Lidars, RGBD cameras,
Proximity Sensors

OpenCV, PCL, Camera AP

SFRO78Interaction interface notifies
the user if any of the processes failec

reaktime

Angular, NodeJS, Javascript
Web browser

SFR090Records and logs in the
database the products that are not
suitable for restocking (surplus, expire|
damaged)

online

HDD >= 500GB, GPU: Nvidia wi
min memory 12GB at 15000MHz
minimum of 3000 CUDé&ores

MySQL or MongoDB
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High Priority

Medium Priority

Low Priority

Technical Specifications

Sub Use Case

Related
Requirements

System Functional Requirements

Performance
Requirements

Hardware Requirements

Software Requirements

SubUC1.5
Movement back
to the resting
position/
charging station

SFRO031Platform 2D/3D localization

reaktime, < 10 cm (RPE)

2D/3D LidarsRTKGPS

SFRO032Platform Path planning ability,

reaktime

C++, Python

SFR033Platform humaraware
navigation

reaktime

2D/3D Lidars, RGBD cameras,
GPU: Nvidia with min memaory
12GB at 15000Mbps, minimum @
3000 CUDA cores,

Python, PyTorch, Tensorflow
OpenCV, PCL, Camera AP

SFR0O66Robot pauses its current task
employee or customer is too close to |

reaktime

2D/3D Lidars, RGBD cameras,
Proximity Sensors

OpenCV, PCL, Camera AP

UR3,UR5,UR6,UR]
UR18,UR19,UR20,l
R27,UR28,UR29,U

SFR0O28Recogni ze and
trajectory

reaktime

GPUNvidia with min memory
12GB at 15000Mbps, minimum ¢
3000 CUDA cores, RGBD came

OpenCV, PCL, Camera API
Pytorch, Python

30,UR32,UR33,UR3
,UR35,UR36

SFRO036 Navigate avoiding restricted
areas

reaktime

GPU: Nvidia with min memory
12GB at 15000Mbps, minimum @
3000 CUDA coreRGBD cameras

Python, PyTorch, Tensorflow
OpenCV, PCL, Camera AP

SFRO73Interaction interface notifies
the user about the restocking task
progress

reaktime

Angular, NodeJS, Javascript
Web browser

SFRO77 Interaction interface notifies
the userwhen the replenishment
process is complete

reaktime

Angular, NodeJS, Javascript
Web browser

SFRO78nteraction interface notifies

the user if any of the processes failec

reaktime

Angular, NodeJS, Javascript
Web browser
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High Priority

Medium Priority

Low Priority

Technical Specifications

Sub Use Case

Related
Requirements

System Functional Requirements

Performance
Requirements

Hardware Requirements

Software Requirements

SubuUC2.1
Movement from
resting
position/chargin
g stationto
target
destination for
replenishment

URO03,UR06,URO:
UR24,UR29,UR3(

UR32,UR35,UR3¢
UR54,UR55,UR5¢
URS57,UR59,URG]

UR62,UR64,URG6"
UR68,UR83,UR84
URS85

SFR028User defining o oniine RGBD cameras Web browser
replenishment task and destinatiof
SFRO031 Platform 2D/3D localizatiol reaktime 2D/3D Lidars, RTEPS OpenCV, PCL, Camera A
Pytorch, Python, C++
SFR032 PIatfoTr_n Path planning | reattime C++, Python
ability
SFRO033Platform humaraware reaktime 2D/3D Lidars, RGBD camer@®U: Nvidia with Python, PyTorch,
navigation min memory 12GB at 15000Mbps, minimum Tensorflow, OpenCV, PC
of 3000 CUDA cores, Proximity sensors Camera API
SFR036N.aV|gate avoiding reaktime 2D/3D Lidars, RGBD cameras OpenCV, PCL, Camera £
restricted areas
SFR.066 Robot pauses its current reaktime 2D/3D Lidars, RGBD cameras, Proximity
task if employee or customer is toc OpenCV, PCL, Camera A
. Sensors
close to it
SFR067Robots paqses and | reaktime Webbrowser, Javascript,
resumes tasks according to user'y
Angular, NodeJS
command
SFRO70User defining reaktime Web browser, Javascript
replenishment task and destinatiof Angular, NodeJS
SFRO72User commanding througl reaktime
interaction interface the robot to Web browser, Javascript
move to specified location (shedf Angular, NodeJS
belt)
SFRO78Interaction interface reaktime

notifies the user if any of the

processes failed

Web browser, Javascript
Angular, NodeJS
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Sub Use Case

SubUC2.2
Identification of
the products on

mixed pallet

High Priority
- — Technical Specifications
Medium Priority
Low Priority
Related . . Performance . .
. System Functional Requirements . Hardware Requirements Software Requirements
Requirements Requirements
SFRO0O1Recognize the product to| reattime RGBD cameras, Nvidia with min memor Python, PyTorch,
be replenished 12GB att5000MHz, minimum of 3000 Tensorflow, OpenCV,
CUDA cores Camera API
SFRO05Recognize dimensions an| reakttime RGBD cameras, Nvidia with min memor Python,PyTorch,
orientation of boxes per pallet 12GB at 15000MHz, minimum of 3000 Tensorflow, OpenCV,
CUDA cores Camera API
SFRO06Recognize the type of boy reattime RGBD cameras, Nvidia with min memor Python, PyTorch,
URO03,UR06,URO07 12GB at 15000MHz, minimum of 3000 Tensorflow, OpenCV,
URO09,UR21,UR24 CUDA cores Camera API
UR29,UR30,UR37 SFR023Recognizdoxes' reaktime RGBD cameras, Nvidia with min memor Python, PyTorch,
UR35,UR36,UR4] arrangement/placement on pallet 12GB at 15000MHz, minimum of 3000 Tensorflow, OpenCV,
UR42,UR45,URA4¢ (top to bottom) CUDA cores Camera API
URS54,UR55,URS5¢ SFRO27Recognizéhe mixed pallet| reaktime RGBameras, Nvidia with min memory Python, PyTorch,
UR57,UR 12GB at 15000MHz, minimum of 3000| Tensorflow, OpenCV, PCL
59,UR60,UR61,Ul CUDA cores Camera API
62,UR63,UR64,Ul SFRO74 Interaction interface reaktime
65,UR68,UR83,Ul notifies the user if the robot needs Web browser, Javascript,
84,UR85 help with the identification of a Angular, NodeJS
product, bag etc.
SFRO75Interaction interface reaktime .
o Web browser, Javascript,
notifies the user for help when a Angular, NodeJS
product falls on the floor ’
SFRO78Interaction interface reaktime

notifies the user ifny of the

processes failed

Web browser, Javascript,
Angular, NodeJS
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Sub Use Case

SubUC2.3
Identification of
the correct
destination for
the product on
the shelf (via
ESL recognition
and assortment

plan)

High Priority
Medium Priority Technical Specifications
Low Priority
Related , . Performance . .
. System Functional Requirements . Hardware Requirements Software Requirements
Requirements Requirements
SFR0O01Recognize the product to| reattime RGBD cameras, Nvidia with h h
be replenished min memay 12GB at T Pyil on, (I;yToréV, el
15000MHz, minimum of 3000 ensorC(a)_VnY]’erap:rlll '
CUDA cores
SFRO07 Recognize electronic she| reattime RGBD cameras, Nvidia with " h
labels and extract content min memory 12GB at T Pyﬁ‘l on, CP)yTorC(::V, pCl
15000MHz, minimum of 3009 ¢ o0 oW SPENLY,
Camera API
UR06,UR07,UR2] CUDA cores
UR24,UR29,UR3( SFR024 Recognizeroduct reaktime RGBD cameras, Nvidia with h h
UR32,UR35,UR3¢ assortment on shelves according t min memory 12GB at Tensoyrg‘lc())vr\;’ (I;y'l(;c;rév, el
UR37,UR38,UR3Y ESLs and per product defined are 15000MHz, minimum of 3000 Cam’erapAPI '
UR43,UR54,URb5" (by assortment plan) CUDA cores
UR56,UR57,UR SF.R02.5 Identify the correct reaktime RGBD cameras, Nvidia with
59,UR60,UR61,Ul  destination on the shelf (through . Python, PyTorch
. . » min memory 12GB at ' '
62,UR63,UR6G4,Ul ESL) given the prior recognition o 15000MHz. minimum of 3000 Tensorflow, OpenCV, PCL
65,UR68,URG9,Ul the mixed pallet and the respective CLjDA cores Camera API
70,UR71,UR75,Ul product on the mixed pallet
83,UR84,UR85 SFR26Inspect the state and reaktime RGBD cameras, Nvidia with
replenishmentfeasibility of each min memory 12GB at Python, PyTorch,
e Tensorflow, OpenCV, PCL
package (per product) 15000MHz, minimum of 3000
Camera API
CUDA cores
SFR027Recogniz¢he mixed pallet| reaktime RGBD cameras, Nvidia with h h
min memory 12GB at T Pyg‘l on, CP)yTOgV’ PClL
15000MHz, minimum of 3000 ' oo0 oW PN,
Camera API
CUDA cores
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SFR066Robot pauses its current
task if employee or customer is toc
close to it

reaktime

2D/3D Lidars, RGBilameras,
Proximity Sensors

OpenCV, PCL, Camera A

SFR068- Ability to complete

2D/3D Lidars, RGBD camera

restocking tasks for shelves within| reaktime Nvidia withmin memory 12GB Python, PyTorch,
mobility radius (parameter with at 15000MHz, minimum of | Tensorflow, OpenCV, PCL
default value e.g. 5 meters) from th 3000 CUDA cores Robotic Camera API, C++
mixed pallet Hands and Grippers
SFRO74 Interaction interface reaktime
notifies the user if the robot needs Web browser, Javascript,
help with the identification of a Angular, NodeJS
product,bag etc.
SFRO75Interaction interface reaktime .
i Web browser, Javascript,
notifies the user for help when a Angular, NodeJS
product falls on the floor :
SFRO76 Ability to give a signal | reaktime RGBD cameras, Nvidia with
(eitheraudio or visual) when robot's min memory 12GB at OpenCV, PCL, Came“”.‘ Al
workspace is invaded by a humar 15000MHz, minimum of 3000 Web browser, Javascript,
o Angular, NodeJS
CUDA cores, Proximity Sensq
SFRO086 Retrieves information | reaktime RGBD cameras, Nvidia with
about the ESL tags min memory 12GB at
’ 15000MHz, mir:/imum of 3009 ©OPeNCV.PCL, Camera A
CUDA cores
SFRO087If a mismatch identified, | reaktime

log the distance between the
position of a product in the
assortment plan and the position g
the ESL

RGBD cameras, Nvidia with
min memory 12GB at
15000MHz, minimum of 3000
CUDA cores

OpenCV, PCL, Camera A




D2.4¢ MANIBOT system technical specificatéom architecture

MANIBOT

Sub Use Case

SubuUC2.4
Preparation of
the products
before
replenishment

High Priority
Medium Priority Technical Specifications
Low Priority
Related , . Performance . .
. System Functional Requirements . Hardware Requirements Software Requirements
Requirements Requirements

URO3,UR06,URO0] SFR002Recognize expired and | reaktime GPU: Nvidiavith min memory Python, PyTorch
UR13,UR21,UR2: damaged products 12GB at 15000Mbps, minimur Tensorflow, OpenCV’ pClL
UR24,UR26,UR2¢ of 3000 CUDA cores, RGBI Cam’era AP| ’
UR30,UR32,UR3" cameras
UR36,UR54,UR5Y SFRO042Place the products in the| reaktime RGBD cameras, Proximity Robotic Hands and Grippel
UR56,UR57,UR5¢ correct positions Sensors
UR60,UR61,UR6Z  SFRO51Ability to prepare the | reaktime .
UR63,UR64,URG6H products/SKUs (e.g. removing ggnilgrgameras, Proximity Robotic Hands and Grippel
URG66,UR67,UR64  cardbox or plastic foil toppers)
UR74,UR77,UR74 SFR066 Robot pauses its current| reaktime

UR79,UR89,UR8]
UR82,UR83,UR84
URS85

task if employee or customer is toc
close to it

2D/3D Lidars, RGBD camera
Proximity Sensors

OpenCV, PCL, Camera A




D2.4¢ MANIBOT system technical specificatiom architecture MANIBOT
High Priority
Medium Priority Technical Specifications
Low Priority
Related Performance

Sub Use Case

Requirements

System Functional Requirements

Requirements

Hardware Requirements

Software Requirements

SubUC3l
Preparing for
loading

UR1, UR2, URS3,
UR4, URS5, UR15
UR19, UR21, URZ

SFR028Recogni ze
trajectory

and

reaktime

RGBD camera§PU: Nvidia

with min memory 12GB at

15000MHz, minimum a3000
CUDA cores

OpenCV, PCL, Camera API
Pytorch, Python

SFRO037The robot selects a desired
position regarding the baggage cart

reaktime

RGBD cameras, 2D/3D LIiDAR

OpenCV, PCL, Camera AP

SFRO6# Robot pauses and resumes|
tasks according |

reaktime

Web browser, Javascript,
Angular, NodeJS

SFRO71User defining task and
destination in the airport belts

reaktime

Web browserJavascript,
Angular, NodeJS

SFR0O72User commanding through
interaction interface the robot to move

to specified location (shelf or belt)

reaktime, <10cm accuracy

Web browserJavascript,
Angular, NodeJs,
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MANIBOT

High Priority

Medium Priority

Low Priority

Technical Specifications

Sub Use Case

Related
Requirements

System Functional Requirements

Performance
Requirements

Hardware Requirements

Software Requirements

SubUC3.2
Recognizing
Baggage for

assigned flight

URG6, UR7, URS,

SFR0106 Detects moving baggage on

the conveyor belt

reaktime

RGBD cameras, GPU: Nvidia wit
min memory 12GB at 15000MHz
minimum of 3000 CUDA cores

OpenCV, PCL, Camera API
Pytorch, Python

SFRO062 Manipulate the baggage to

detect the bagtag

reaktime

2D/3D Lidars, RGBD cameras,
Proximity Sensor§&;PU: Nvidia
with min memory 12GB at
15000MHz, minimum of 3000
CUDA cores

OpenCV, PCL, Camera API
Pytorch, Python

SFR084 Robot stores/retrieves the
bagtag information of the placed

baggage in/from thedatabase

Ontline

HDD >= 500GB, GPU: Nvidia wi
min memory 12GB at 15000MHZ
minimum of 3000 CUDA cores,

MySQL or MongoDB

UR23, UR24, URZ

SFRO015 Recognize damaged luggagg

for the arrivals

reaktime

RGBD cameras, GPU: Nvidia wi
min memory 12GB at 15000MHz
minimumof 3000 CUDA cores

OpenCV, PCL, Camera A
Pytorch, Python

SFR016 Recognize the luggage

material (soft or hard)

reaktime

RGBD cameras, GPU: Nvidia wi
min memory 12GB at 15000MHz
minimum of 3000 CUDA cores

OpenCV, PCL, Camera AP

SFRO081 Interaction interface alerts

when no bagtag found

reaktime

RGBD cameras, GPU: Nvidia wi
min memory 12GB at 15000MHz
minimum of 3000 CUDA cores

Web browser, Javascript,
Angular, NodeJS, Python,
Pytorch, OpenCV, PCL, Came
API
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MANIBOT

High Priority

Medium Priority

Low Priority

Technical Specifications

Sub Use Case

Related
Requirements

System Functional Requirements

Performance
Requirements

Hardware Requirements

Software Requirements

SubUC3.3
Loading of
allocated baggage
on the cart

URS5URG, UR9,
UR11, UR13,
UR14, UR16,
UR17, UR18,
UR19, UR23,
UR27, UR28,
UR29, UR32

SFR012 Detects each baggage reaktime RGBD cameras, GPU: Nvidia wit
separately identifying its shape and min memory 12GB at 15000MHz OpenCV, PCL, Camera AP
dimensions minimum of 3000 CUDA cores Pytorch, Python
SFR014Recognize when a baggage reatime RGBD cameras, GPU: Nvidia wit
cart is full or empty min memory 12GB at 15000MHz OpenCV, PCL, Camera AP
minimum of 3000 CUDA cores Pytorch, Python
SFRO19Recognize the free space at| reattime RGBD cameras, GPU: Nvidia wit
the target destination (baggage cart o min memory 12GB at 15000MHz OpenCV, PCL, Camera AP
belt) to place the luggage minimum of 3000 CUDA cores Pytorch, Python
SFR021Recognizethe location for the | reattime RGBD cameras, GPU: Nvidia wit
baggage placement min memory 12GB at 15000MHz OpenCV, PCL, Camera AP
minimum of 3000 CUDA cores
SFROS?PIacg the luggage within the Realtime 2D/3D LIDAR, RGBBmeras OpenCV, PCL, Camera AP
boundaries of the belt/cart
SFR063Ability to avoid collision with | Realtime 2D/3D Lidars, RGBD cameras,
. . . . OpenCV, PCL, Camera AP
moving or static objects Proximity Sensors
SFR064 Ability to avoid collisions with Reatltime 2D/3D Lidars, RGBD cameras,
. L. . OpenCV, PCL, Camera AP
itself in bimanual tasks Proximity Sensors
SFRO065Detects the optimal contact | Realtime
points in boxes, bags and products t¢ RGBD cameras OpenCV, PCL, Camera AP
. Pytorch, Python
grasp the item
SFRO084 Robotstores/retrieves the | Online HDD >= 500GB, GPU: Nvidia witl
bagtag information of the placed min memory 12GB at 15000MHz MySQL or MongoDB
baggage in/from the database minimum of 3000 CUDA cores
SFR088 Keep count of the number of| Online HDD >= 500GB, GPU: Nvidia wi
baggage loaded min memory 12GB at 15000MHZ MySQL or MongoDB
minimum of 3000 CUDA cores
SFR089Scans the bag tag (when | reaktime RGBD cameras

placing the baggage) for BTRS (Bagg,

OpenCV, PCL, Camera AP
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Tracking and Reconciliation System)

purposes
SFRO09Detect the appropriate reaHime RGBD cameras OpenCV, PCL, Camera AP
baggage cart
SFRO50Grasp the luggage that made Reaitime RGBD cameras OpenCV, PCL, Camera AP

from soft material gently
SFRO55PIlace thduggage made of | Realtime
hard material below the luggage mads RGBD cameras, 2D/3D LIDAR  OpenCV, PCL, Camera API
of soft material
SFRO60Ability to grasp all types of
products within the test sample safely Reailtime
using a versatile gripping mechanisn
SFRO80Interaction interface alerts | Reailtime
when the bag it is manipulating is out ¢ Web browserJavascript,
its capabilities (too heavy, too long, n( Angular, NodeJS
handles, out of reach etc.).

2D/3D LiDAR, RGBD camer

imi V, PCL AP
Proximity Sensors OpenCV, PCL, Camera
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MANIBOT

High Priority

Medium Priority

Low Priority

Technical Specifications

Sub Use Case

Related
Requirements

System Functional Requirements

Performance
Requirements

Hardware Requirements

Software Requirements

SubUC3.4
Movement back
to resting
position/chargin
g point

SFRO031 Platform 2D/3D localization

reaktime, < 10 cm (RPE)

2D/3D Lidars, RT&PS

UR1, UR2, UR31

SFR032 Platform Path planning ability| reattime Python
SFRO03g Platform humanaware reaktime 2D/3D Lidars, RGBD cameras, GPl
navigation Nvidia with min memory 12GB at | Python, PyTorch, Tensorflow
15000Mbps, minimum of 3000 CUD OpenCV, PCL, Camera AP
cores
SFR034 Ability to move on the Realtime
pavement area alongside the conveyo 2D/3D Lidars, RGBD cameras
belt

_SFR066 Robot pauses |t§ current task Realtime 2D/3D Lidars, RGBD cameras,

if employee or customer is too close tc - OpenCV, PCL, Camera AP
it Proximity Sensors
SFR028 Recognize and track humang reaktime GPU: Nvidia with min memory 12GB OpenCV. PCL. AP
trajectory 15000Mbps, minimum of 3000 CUD pentv, , Lamera
Pytorch, Python
cores, RGBD cameras
SFRO036 Navigate avoiding restricted | reattime GPU: Nvidia with .min memory 12GB Python, PyTorch, Tensorflow
areas 15000Mbps, minimum of 3000 CUD
OpenCV, PCL, Camera AP
cores, RGBD cameras
SFRO069 Decides from where it can | Realtime

leave the pavement track (either
because it has been instructed to by
the operator or if it needs to be
charged)

2D/3D Lidars, RGBiameras,
Proximity Sensors

OpenCV, PCL, Camera AP

SFRO035 Ability to step up to the
pavement area (height 15cm) around
the conveyor belt (with or without the

use of a ramp)

<=15cm height, > 5°
angle

2D/3D Lidars, RGBD cameras

OpenCV, PCL, Camera AP
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High Priority
Medium Priority Technical Specifications
Low Priority
Related Performance

Sub Use Case

Requirements

System Functional Requirements

Requirements

Hardware Requirements

Software Requirements

SubUC4.1
Movement from
resting
position/charging
station to the
target position

SFRO031Platform 2D/3D localization

reaktime, < 10 cm (RPE)

2D/3D LidarsRTKGPS

SFRO032Platform Path planning ability,

reaktime

SFR033Platform humaraware reaktime 2D/3D Lidars, RGBD cameras, Python, PyTorch, Tensorflow
navigation GPU: Nvidia with min memory OpenCV, PCL, Camera AP
12GB at 15000Mbps, minimum o
3000 CUDA cores,
SFR034 Ability to move on the reaktime

pavement area alongside the conveyc
belt

2D/3D LidarsRGBD cameras

UR1, UR2, URS,
UR19, UR21, UR2%

sFR066 Robot pauses |t§ current task reaktime 2D/3D LidarsRGBD cameras,
if employee or customer is too close t _ OpenCV, PCL, Camera AP
it Proximity Sensors
SFRO28Recogni ze and|reatime
i 9 RGBD cameras OpenCV, PCL, Camera AP
trajectory
SFR036Navigate avoiding restricted | reakttime
9 areas 9 RGBD cameras OpenCV, PCL, Camera AP

SFRO6# Robot pauses and resumes|
tasks according

reaktime

Web browser

SFRO071Userdefining task and
destination in the airport belts

reaktime

Web browser

SFRO72User commanding through
interaction interface the robot to move
to specified location (shelf or belt)

reaktime, <10cm accuracy

Web browser

SFR035Ability to stepup to the
pavement area (height 15cm) around
the conveyor belt (with or without the

use of a ramp)

<= 15cm height, > 5° angle

2D/3D LidarsRGBD cameras

OpenCV, PCL, Camera AP
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High Priority
Medium Priority Technical Specifications
Low Priority
Related , . Performance . .
Sub Use Case : System Functional Requirements . Hardware Requirements Software Requirements
Requirements Requirements
SFRO09 Detect thizrr)tproprlate baggage reattime RGBD cameras OpenCV, PCL, Camera AP
SFR015 Recognlzdgmaged luggage | reattime RGBD cameras OpenCV, PCL, Camera AP
for the arrivals
SFRO28Recogni ze and|reatime GPU: Nvidia witlmin memory OpenCV, PCL, Camera API
SubUC4.2 UR2, UR3, UR4, trajectory 12GB at 15000Mbps, minimum o Pytorch, Python
Preparing for UR15, UR19, UR21 3000 CUDA cores, RGBD camer
nloadin UR22 imi i i i
u ing SFR029Detects pro_X|m|ty of moving | reaHime 2D/3D L|d§r§RGBD cameras, OpenCV, PCCamera AP|
baggage tractor with loaded carts Proximity Sensors
SPROS#The robot selects a desired | reaktime 2D/3D LidarsRGBD cameras |  OpenCV, PCL, Camera AP
position regarding the baggage cart
SFR058Handle luggage only for the | reaktime

flight that has been allocated to

RGBD cameras

OpenCVPCL, Camera API
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MANIBOT

High Priority
Medium Priority Technical Specifications
Low Priority
Related , . Performance . .
Sub Use Case : System Functional Requirements . Hardware Requirements Software Requirements
Requirements Requirements
SFR012Detects each baggage reaktime RGBD camera§PU: Nvidia with min OpenCV, PCL, Camera API
separately identifying its shape and memory 12GB at 15000MHz, minimut Pytorch, Python
dimensions of 3000 CUDA cores
SFR014Recognizevhen a baggage | reattime RGBD cameras, GPU: Nvidia with m OpenCV, PCL, Camera API
cart is full or empty memory 12GB at 15000MHz, minimur Pytorch, Python
of 3000 CUDA cores
SFRO19Recogniz¢he free space at | reattime RGBD cameras, GPU: Nvidia with min
the target destination (baggage cart o memory 12GB at 15000MHz, minimuni  OpenCV, PCL, Camera API
belt) to place the luggage of 3000 CUDAores Pytorch, Python
SFR02% Recognizes the location for| reatime RGBD cameras, GPU: Nvidia with m
the baggage placement memory 12GB at 15000MHz, minimu OpenCV, PCL, Camera API
of 3000 CUDA cores Pytorch, Python
URS5, UR6, UR7, a : - ————
URS. URS. URL0 SFRO036 The robot dec@es which | reaHime RGBD cameras, GPU: Nvidia v§/|t.h m
SubUC4.3 ' ’ i baggage to remove with least memory 12GB at 15000MHz, minimuy  OpenCV, PCL, Camera API
. UR11, UR12, UR13 : :
Unloading from disturbance to surrounding baggage of 3000 CUDA cores Pytorch, Python
UR14, UR16, UR1E =
Cart to Conveyor UR23. UR24. UR2H SFR045 Placemomentarily the boxes
belt UR27' UR28, UR2d ©ON its equipped table or another interin
'UR32 ' storage position RGBD cameras OpenCV, PCL, Camera AP
SFRO5% Place the luggage within the
boundaries of the belt/cart reaktime RGBD cameras OpenCV, Camera API
SFRO063 Ability toavoid collision with | reattime 2D/3D Lidars, RGBD cameras, Proxinj  OpenCV, PCL, Camera AP
moving or static objects Sensors
SFR064 Ability to avoid collisions with 2D/3D Lidars, RGBD cameras, Proxin
itself in bimanual tasks reaHime Sensors OpenCV, PCL, Camera AP
SFRO65 Detects the optimal contact | reattime RGBD cameras OpenCV, PCL, Camera API
points in boxes, bags and products t¢ Pytorch, Python
grasp the item
SFRO084 Robot stores/retrieves the | Online HDD >= 500GB, GPU: Nvidia with m MySQL or MongoDB

bagtag information of the placed

baggage in/from the database

memory 12GB at 15000MHz, minimur
of 3000 CUDA cores
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MANIBOT

SFR088 Keep count of the number of
baggage loaded

Ontline

HDD >= 500GB, GPU: Nvidia with m
memory 12GB at5000MHz, minimum
of 3000 CUDA cores

MySQL or MongoDB

SFRO089 Scans the bag tag (when
placing the baggage) for BTRS (Bagg
Tracking and Reconciliation System)

reaktime

RGBD cameras

OpenCV, Camera API

purposes
SFR016Recogniz¢he luggage materia| reattime RGBD cameras, GPU: Nvidia with m| OpenCV, PCL, Camera A
(soft or hard) memory 12GB at 15000MHz, minimunj Pytorch, Python

of 3000 CUDA cores

SFR050Grasp the luggage that made
from soft material gently

reaktime

RGBrameras, 2D/3D LIiDAR

OpenCV, PCL, Camera API

SFRO055 Place the luggage made of
hard material below the luggage madis
of soft material

reaktime

RGBD cameras, 2D/3D LiDAR

OpenCV, PCL, Camera API

SFRO56PIace the luggage with a
distance betweerthem on the reclaim
belt for the arrivals

reaktime

RGBD cameras, 2D/3D LiDAR

OpenCV, PCL, Camera API

SFR058Handle luggage only for the
flight that has been allocated to

reaktime

RGBD cameras

OpenCV, PCL, Camera AP

SFRO60ADIlity to graspall types
of products within the test sample safe
using a versatile gripping mechanism

reaktime

2D/3D Lidars, RGBD cameras, Proxin
Sensors

OpenCV, PCL, Camera AP

SFRO080- Interaction interface alerts
when the bag it is manipulating is out 1
its capabilities (too heavy, too long, n
handles, out of reach etc.).

reaktime

Web browser, Javascript,
Angular, NodeJs,
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MANIBOT

Sub Use Case

SubUC4.4
Moving to next
Baggage cart

High Priority
Medium Priority Technical Specifications
Low Priority
Related , . Performance . .
. System FunctionaRequirements . Hardware Requirements Software Requirements
Requirements Requirements
SFRO031 Platform 2D/3D localization | reattime, < 10 cm (RPE) 2D/3D LidarsRTKGPS
SFR032Platform Path planning ability| reattime
SFRO033Platform humaraware reaHime 2D/3D Lidars, RGBD cameras, Python, PyTorch, Tensorflow
navigation GPU: Nvidia with min memory OpenCV, PCCamera API
12GB at 15000Mbps, minimum @
3000 CUDA cores,
SFR034 Ability to move on the reaHime
pavement area alongside the conveyc
belt 2D/3D Lidars, RGBD cameras
SFRO66 Robot pauses its current tash reaktime .
UR1 UR2, URS5, | if employee or cIlJJstomer is too close t 2D/I3D L|dgr§RGBD cameras, OpenCV, PCL, Camera AP
' ' ' : Proximity Sensors ’ ’
UR17, UR19 It
SFRO09 Detect thi;i)proprlate baggag reattime RGBD cameras OpenCV, PCL, Camera AP
SFRO28Recogni ze and|reaktime GPU: Nvidia with min memory OpenCV, PCL, Camera API
trajectory 12GB at 15000Mbps, minimum @ Pytorch, Python
3000 CUDA cores, RGBD came
SFR036Navigate avoiding restricted GPU: Nvidia with min memory
areas 12GB at 15000Mbps, minimum g Python, PyTorch, Tensorflow
reaktime 3000 CUDA cores, RGBD came OpenCVPCL, Camera API
SFR082The robot alerts the operator i| reattime Angular, NodeJS, Javascript
no other cart is found, goes in standb Web browser
mode and awaits input from operator.
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MANIBOT

High Priority

Medium Priority

Low Priority

Technical Specifications

Sub Use Case

Related
Requirements

System Functional Requirements

Performance
Requirements

Hardware Requirements

Software Requirements

SubUC4.5
Movement back
to resting
position/charging
point

UR1, URZ, UR17,
UR31

SFRO031Platform 2D/30ocalization

reaktime, < 10 cm (RPE)

2D/3D LidarsRTKGPS

SFRO032Platform Path planning ability,

reaktime

SFR033Platform humaraware
navigation

reaktime

2D/3D Lidars, RGBD cameras,

GPU: Nvidia with min memory

12GB at 15000Mbps, minimuaf
3000 CUDA cores,

Python, PyTorch, Tensorflow
OpenCV, PCL, Camera AP

SFR034 Ability to move on the
pavement area alongside the conveyc
belt

reaktime

2D/3D LidarsRGBD cameras

SFRO066 Robot pauses its current task
if employee or customer is too close t
it

reaktime

2D/3D LidarsRGBD cameras,
Proximity Sensors

OpenCV, PCL, Camera AP

SFRO28Recogni ze
trajectory

and

reaktime

GPU: Nvidia with min memory
12GBat 15000Mbps, minimum of]
3000 CUDA cores, RGBD came

OpenCV, PCL, Camera API
Pytorch, Python

SFR036Navigate avoiding restricted
areas

reaktime

GPU: Nvidia with min memaory
12GB at 15000Mbps, minimum @
3000 CUDA cores, RGBD came

Python,PyTorch, Tensorflow,
OpenCV, PCL, Camera AP

SFR069Decides from where it can
leave the pavement track (either
because it has been instructed to by th
operator or if it needs to be charged)

reaktime

2D/3D Lidars, RGBD cameras,
Proximity Sensors

OpenCV, PCL, Camera AP

SFR035Ability to step up to the
pavement area (height 15cm) around
the conveyor belt (with or without the

use of a ramp)

<= 15cm height, > 5° angle

2D/3D LidarsRGBD cameras

OpenCV, PCL, Camera AP




