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Abstract: This paper describes RTMN 2.0 - an extension of the modeling language RTMN. RTMN combines
process modeling and robot execution. The reusability and intuitive robot programming allows people without
programming expertise to plan and control robots. While RTMN focuses on the ease of use and flexibility of
robot programming by providing an intuitive modelling language, RTMN 2.0 concentrates on Human Robot
Collaboration (HRC), which represents the current trend of the industry shift from “mass-production’ to ‘mass-
customization’. While traditional robot systems provide high payload capabilities and repeatability, they suffer
from limited flexibility and dexterity. Therefore, human-robot collaboration is a suitable arrangement to
leverage the unique capabilities of both humans and robots for increased efficiency and quality in industrial
scenarios. HRC has made a great impact on the robotic industry: increased efficiency, reduced costs and
improved productivity, which can be adopted to make up for the skill gap of a shortage of workers in the
manufacturing industry. The extension in RTMN 2.0 includes the following notations: HRC tasks,
requirement, Key Performance Indicator (KPI), condition check and decision making, join/split and data
association. With all these additional elements RTMN 2.0 covers the full scale of agile manufacturing — light
out and collaborative.

Keywords: RTMN; HRC; HRC mode; HRC task; KPI; requirement; decision making

1. Introduction

Flexible robot programming usually is costly and requires a lot of expertise. The development
cycle often last months and years [1]. This puts a lot of pressure on operators and engineers. On the
one hand they are required to control the robot, and on the other hand it is hard to understand the
robot tasks due to a lack of high-level robotics expertise. Although frameworks and tools are available
to simplify robot programming, these tools are often not flexible (brand specific), too technical and
not intuitive enough for operators and engineers [1]

In our former research we have developed the modelling language called RTMN (Robot Task
Modeling and Notation) [2] - an ontology-enabled skill-based robot task modeling and notation. It
aims to ease the robotic process modeling. The basic elements are based on Business Process
Modeling and Notation (BPMN) [3]. The main motivation for developing RTMN was the challenges
that non-robotic experts are facing in the fast-growing agile production industry: costly and high
requirements for robot programming expertise as well as the complexity and difficulties of
controlling robotic systems. In order to bridge this gap, the authors introduced a model-driven
framework that allows intuitive modeling and programming of robotic processes using RTMN - an
ontology-enabled skill-based robot task model and notation - that enables non-experts to plan and
program robot tasks. In this research work the authors conducted literature analysis, adopted both
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quantitative (questionnaires) and qualitative (interviews) research methods which balance the
limitations of one type of method by the strengths of another and enable more comprehensive
understanding of the research area. The validation results indicate that users find RTMN notations
simple to understand and intuitive to use.

This paper covers the second generation of the RTMN. We call this new version RTMN 2.0.
RTMN 2.0 adds many additional notations: four Human Robot Collaboration (HRC) tasks,
requirement and KPIs, condition check and decision making, join/split and data association. HRC is
the main focus among these notations.

This research is conducted under the research project ACROBA. ACROBA is an EU H2020
project. The consortium consists of 17 partners from 9 countries. “The ACROBA project aims to
develop and demonstrate a novel concept of cognitive robotic platforms based on a modular
approach able to be smoothly adapted to virtually any industrial scenario applying agile
manufacturing principles” [1].

1.1. What is Human-Robot Collaboration (HRC)?

The ever-growing advancements in the manufacturing industry have made it necessary for
companies to optimize their systems by decreasing human workload, fatigue risk, and overall costs.
This necessity has led to the introduction of human-robot collaboration in industrial environments
[4]. Industry experts have established that the complete removal of humans from manufacturing
systems is not viable. A more realistic goal is to have humans and intelligent machines working in
harmony [5]. From an anthropological standpoint, "collaboration" refers to multiple parties
communicating with each other and coordinating their actions in order to achieve a common goal.
To this aim, collaborators observe each other, infer the intent behind an action, and plan their own
actions in accordance with this intent. Similarly, in human-robot collaboration, robot systems should
be designed with the appropriate tools to coordinate their actions with humans and employ the
relevant cognitive and communicative mechanisms such that they can plan actions towards an
established goal [6].

For the successful implementation of human-robot collaboration, the machines require
advanced cognitive capabilities, to allow the human operators to collaborate comfortably and
efficiently and maintain high confidence in these systems. If implemented correctly, industries may
achieve a reasonable task reduction for human operators. To this end, robots should be equipped
with understanding capabilities which allow them to operate with a human just as two humans
would when working together [7]. HRC systems do not rely on an equal divide of workload between
humans and robots. The levels of robot automation are based on the application and are decided such
that they lead to an overall improvement in the system performance [8]. This improvement in
performance can be attributed to the complementary strengths of either party. Robots offer efficient
and guaranteed performance at high speeds, whilst humans offer understanding, reasoning and
problem solving [4].

1.2. The Importance of Human Robot Collaboration (HRC)

The aim of industrial robotics is to enable efficient performance, repeatedly and accurately [9].
Nowadays, assembly lines have important requirements related to adaptability, mainly due to the
rapid rate at which new products are introduced to the market, as well as changing technologies. The
current trends in industry reflect a shift from ‘mass-production’ to “mass-customization’. Products
now come with numerous variants or upgrades, and a much shorter product lifetime. This imposes
a challenge of flexibility and adaptability on the manufacturing process. A challenge for which
human-robot collaboration is an attractive arrangement [10]. Companies have traditionally relied on
robots with in-built capabilities and limited flexibility. However, this level of flexibility is not enough
to match the current market demands [11]. While traditional robot systems provide high payload
capabilities and repeatability, they then suffer from limited flexibility and dexterity [12]. Thus,
human-robot collaboration is a suitable arrangement to leverage the unique capabilities of both
humans and robots for increased efficiency and quality in industrial scenarios. The recent trend of
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automation and data exchange, known as Industry 4.0, also supports the use of collaborative systems
in industry. The aim of Industry 4.0 is to achieve efficiency, cost-reduction, and increased
productivity, by means of integrated automation. This aim highlights the need for flexible and
interoperable systems, including intelligent decision-making software, and robots which can be
quickly, safely and intuitively operated by humans [13].

Industries are increasingly relying on HRC arrangements, both from an engineering perspective,
as well as a socio-economic standpoint. While the manufacturing industry is a significant source of
employment, it has been reported that most jobs offered by this sector may remain unfilled. This is
attributed to a shortage of workers with the relevant technological and technical skills [14]. HRC is
therefore a promising alternative, which makes up for the skill gap, still requires human operators,
and may be more attractive to the younger generation. Additionally, robotic systems result in higher
competitiveness with countries with cheap labor systems and increase trust in the company’s
technological aptitude. Collaborative systems also alleviate the ergonomic burden on human
workers, resulting in an improved work environment and reduction of occupational injuries. This
makes environments which include both robots and human laborers more attractive to interested
partners, customers and the public [15]. Modern technologies of intuitive systems such as augmented
reality, walkthrough programming, and programming by demonstration, are all simple methods to
operate collaborative robots, unlike the advanced technical expertise necessary to operate traditional
robotic systems [13].

Nowadays, collaborative robotic solutions are attractive even to small and medium-sized
companies, since such systems are more affordable, compact and easy-to-use compared with
traditional robotic systems. Traditionally, factory floors have had strict divisions of labor, with robots
confined to strict safety cages far from humans. Collaborative robots overcome this division of labor,
allowing humans and robots to work closely together. In doing so, the advantages of strength and
automation of the robot are combined with the flexibility and intuitive nature of the human [12,13].
Evidently, there are numerous advantages to collaborative robotic systems, including economic,
social, and ergonomic improvements to traditional systems. However, to harness the full benefits of
such systems, companies should adhere to the appropriate safety standards to ensure optimal
operation. These will be discussed in the following section.

1.3. Safety Standards and HRC Modes

The International Federation of Robotics has reported an all-time high of 517,385 new industrial
robots installed in 2021 in factories around the world with a growth rate of 31%, increased 22% in
compared to 2018 (pre-pandemic record). Up to now the stock of operational robots around the globe
has reached 3.5 million units [16]. With the increasing use of robots in industry, standardization, and
guidelines to ensure the safety of human operators are required [10]. Many standards have been
proposed to give guidelines for the safe use of collaborative robots. The machinery safety regulated
under the Machinery Directive covers the scope of collaborative applications [10]. The following
reference standards are reported (see Table 1).

Table 1. Safety Standards.

Basic safety standards for ISO 12100: :2010 “Machine safety, general design principles, risk assessment,
general requirements and risk reduction” IEC 61508: terminology and methodology

— B1 standards (ISO 13849-1, IEC 62061): specific safety
. aspects

Generic safety standards - _ g, 1 dards (ISO 13850, ISO 13851): safeguard

Safety countermeasures for —ISO 10218: safety of industrial robots

specific machinery —IS0O 10218-1:2012 “Robots and equipment for robots, Safety requirements
for industrial
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Prioritized over Type A and robots, Part 1: Robots”, safety requirements for robot manufacturers (robot
Type B standards and controller)
—ISO 10218-2: 2011 “Robots and equipment for robots, Safety requirements
for industrial
robots, Part 2: Systems and integration of robots”, safety requirements for
system integrators (robot and ancillary devices),
—ISO TS 15066: 2016 “Robots and robotic
devices, Collaborative Robots”, guidance on collaborative robot Operations

Four categories of safety requirements are defined for collaborative robots in the type C
international standards ISO 10218-1, ISO 10218-2, and ISO TS 15066 [10,12,13]:

] Safety-rated monitored stop (SMS)

SMS [10,13] is a collaboration arrangement in which robot motion is stopped before a human
operator enters the collaborative workspace to interact and carry out a task with the robotic system.
This is the most basic form of collaboration, which takes place within a collaborative area, that is, an
area of operation shared by the robot and the human. Both parties can work in this area, but not
simultaneously, since the robot cannot move if the operator is in the shared space. Therefore, it is
ideal for tasks in which the robot primarily works alone and is occasionally interrupted by a human
operator. Examples of such tasks include visual inspection, or the positioning of heavy components
by the robot for the human.

o Hand-guiding (HG)

Another mode of collaboration is known as hand-guiding [10,13], or ‘direct teach’. In this mode,
the operator simply moves the robot to teach it significant positions, without the use of intermediate
interfaces such as teach pendants. These positions are communicated as commands to the robot
system. Throughout this process, the robot arm weight is compensated such that its position is held.
A guiding, hand-operated device is used by the operator to guide the robot’s motion. For this
advanced form of collaboration, the robot must be equipped with safety-rated monitored stop and
speed functionalities. Once the robot has learned the motion and the human operator has left the
collaborative area, the robot may execute the program in automatic mode. However, if the operator
enters the area, the program is interrupted. When the operator is using the hand-guiding device, the
robot operates in a state of safety-rated monitored speed functionality, until the operator releases the
arm and leaves the collaborative area, allowing the robot to resume automatic operation once again.

o Speed and separation monitoring (SSM)

In SSM [10,13], the robot operates even when a human is present, by means of safety-rated
monitoring sensors. Thus, human and robot operation takes place simultaneously. To reduce risks, a
stipulated protective distance must always be kept between the two parties. If this distance is not
kept, the robot operation stops, and resumes once the operator has moved away from the system. If
the robot system operates at a reduced speed, the protective distance is reduced accordingly. The
workspace may be divided into ‘zones’, whereby if the human is in the green zone the robot may
operate at full speed, if in the yellow zone the robot operates with reduced speed, and if the human
enters the red zone, robot operation is stopped. Vision systems are used to monitor these zones.

o Power and force limiting (PFL)

PFL [10,13] is a collaborative approach in which limits are set for motor power and force, such
that the human operator and robot may work side-by-side. These limits are set as a risk reduction
method, defined by a risk assessment. To implement this approach, specific equipment and control
modes are required to handle collisions between the robot and human and prevent any injuries to the
human.

These four collaborative modes can be applied to both traditional industrial robots and
collaborative robots. For traditional industrial robots, additional safety devices such as laser sensors
or light curtains are required. On the other hand, for collaborative robot additional features like force
and torque sensors, force limits, vision systems, laser systems, and anti-collision systems are required
[12].
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1.4. HRC Task Types

It is important to analyze the different types of collaboration tasks [10,12,13]. Matheson et al.
used the classification that Miiller et al. [17] proposed for human robot collaboration in their paper
[12], which distinguish HRC task type to four groups: coexistence (same environment, no
interaction), synchronized (same workspace, different times), cooperation (same workspace, at the
same time, separate tasks), collaboration (same workspace, same task, same time). Wang et al. [18]
presented the following types in their paper: coexistence (not sharing workspace, no direct contact),
interaction (sharing workspace, communicating with each other, perform task sequentially),
cooperation (sharing workspace, have own goals, sharing resources, work simultaneously),
collaboration (joint activity, sharing workspace, have the same goal, physical contact allowed).
Thiemermann [19] has differentiated four operating modes: manual mode (human),
automation(robot), parallelization (same product, direct contact, suitable for pre-assembly), and
collaboration (same product, work together). There are other classifications in literature [20,21,22].
To summarize, there are four basic task types for HRC based on literature: coexistence, sequential
cooperation, parallel cooperation, and collaboration.

2. Materials and Methods

2.1. Literature Review and Analysis on HRC Modelling Methods

Choosing the appropriate modelling language is imperative for the development of a robust
human-robot collaboration system. This choice depends on various factors, including the particular
task requirements, the target platform or framework, and the specific preferences and technical skills
of the developers. Commonly used modelling languages in this field include Business Process
Modelling Notation (BPMN), Systems Modelling Language (SysML), Behavior Trees (BT), Unified
Modelling Language (UML), and Petri Nets. Literature related to each of these languages was
reviewed and discussed in this section.

2.1.1. Business Process Modeling Notation (BPMN)

BPMN was originally developed as a standard notation for business users, to bridge the gap
between business process design and process implementation. A Business Process Model contains a
network of graphical objects representing activities or work, and the flow controls representing the
order of performance [23]. While BPMN is typically used for business processes, its capabilities can
be extended to the field of robotics. More specifically, it can be used to model the flow, tasks, decisions
and interactions that occur in HRC processes.

One approach found that there was a lack of consideration for the modelling of collaborative
tasks, and therefore attempted to completely model processes such as assembly workflows,
interactions, and decisions taken by machines and humans. It supports variability modelling, making
it attractive for customized manufacturing scenarios. A BPMN-based workflow designer was
implemented to allow the user to model processes intuitively [24].

BPMN was also used for the development of a risk analysis software tool to support changes in
adaptive collaborative robotic scenarios [25]. The work presents a tool which can automatically
identify any changes which were made to a particular application's components or processes,
providing safety experts with a tool to monitor manufacturing processes. Results showed that this
technology provided better usability and decreased errors when compared with conventional
methods. BPMN was used as a basis for the development, with certain modifications to make it
appropriate for collaborative scenarios.

Another paper tackles the task of warehouse material handling using an automated guide
vehicle system [26]. The Manufacturing Process Management System (MPMS) is used to control the
process. The aim is to achieve a system which performs all tasks automatically without requiring
major changes for various processes. The MPMS was designed using BPMN and Camunda as a
platform, allowing for the BPMN model to be executed and controlled in real time.
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Concerning the lack of efficiency arising from static task allocation, one paper focused on the use
of adaptive task sharing in manufacturing and assembly [27]. A model was developed for
experimental purposes, which included a task sharing worker assistance software based on BPMN.
The results indicated that adaptive task sharing reduces the productivity gap in automated assembly.

2.1.2. Unified Modeling Language (UML)

UML is a popular modelling language in the fields of software engineering and system design.
Through its standardized notation, clear visualization and specification of structures, behaviors, and
interactions of systems is achieved. UML is therefore thought to be an ideal approach to model
architecture, interfaces and interactions in HRC systems. The use of UML in the field of Human-
Robot Collaboration seems to mostly focus on safety and risk analysis. This can be seen in [28,29,30],
and [31]

F. D. Von Borstel et al [32] use a combination of UML and Colored Petri Nets (CPNs) to model
and simulate mobile robots based on wireless robotic components (WRCs). UML diagrams are
customized to describe the specific WRC architecture based on the robotic software, particular task
and operational environment. The hierarchical CPNS are developed using the customized UML
diagrams as a guide. From there, an executable model of the robotic system can be developed. Further
work aims to improve the translation from UML to CPNs.

L. Carroll et al [33] attempt using UML in development for the design of real-time robot
controllers, based on the necessity for better adaptability from robots when working in cooperation
with humans. The main focus was dependability, fault avoidance, fault removal and fault tolerance.
UML was found to be appropriate for the development and maintainability of this controller.

As a major software engineering modeling tool, UML can model requirements and high-level
system architecture very efficiently. However, UML is not well established for robotics, including
HRC. While UML can be useful for modeling certain aspects of human-robot collaboration,
limitations arise when applied to the full scope collaborative scenarios. Robots often operate
autonomously and need to make decisions, but UML does not offer specialized modeling constructs
for representing autonomy and decision-making processes.

2.1.3. Systems Modeling Language (SysML)

SysML is a standardized formal language, of which the main purpose is the modelling of
systems engineering processes. It is based on UML but is more well-adapted for complex systems in
engineering and automation.

Researchers proposed SysML as a modeling language as it was thought to simplify robot
programming through abstraction [34]. Since robots are increasingly being integrated into
environments where humans are present, they should be made safer, with straightforward
programming and interaction capabilities. To achieve this, SysML was used to represent
manufacturing processes by graphical diagrams capturing the system structure from various
perspectives. While this work did not focus directly on modelling human-robot collaboration, it was
one of the motives for the approach, and the capabilities of the system show promise in being adapted
for HRC scenarios.

While literature specifically focusing on using SysML for HRC tasks is limited, SysML has been
widely used for modelling general robotic workflows. K. Ohara et al [35] propose robot software
design based on SysML. The language was chosen due to its benefits for reusability and flexibility. R.
Candell et al [36] aimed at achieving real-time observation and control using SysMIl modelling for
architecture, components and information flows. This was based on Industry 4.0 and the resultant
requirements for adaptability, flexibility, and responsive communication. SysML is used to develop
a graphical model for a wireless factory work cell.

In summary, although SysML can be a useful tool for modelling certain aspects of HRC such as
requirements, system architecture and interaction with external systems, SysML is not the most
suitable tool for modeling human, real-time interaction, and complex interaction scenarios.
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2.1.4. Behavior Trees

Behavior Trees have been widely used in the field of robotics to define the behavior of
autonomous agents. The graphical modelling language involves a hierarchical structure of tasks and
dependencies, making them an ideal approach to model complex decisions and coordination in HRC
scenarios.

The literature related to Behavior Trees was largely concerned with the limitations of automation
to capture human dexterity and judgement, especially in unstructured environments where
unforeseen events commonly occur. A framework was thus presented which captured various
behaviors through which robot autonomy is enhanced. This was done using behavior trees to model
the robot's intelligence, including social behaviors, human intention, and various tasks, including
collaborative ones [37].

While behavior trees can be a valuable tool for modeling the autonomous behavior of a robotic
system, they are less suited for modeling the complexities of human-robot collaboration that involve,
for example communication, shared decision-making, and social interaction. Behavior trees tend to
focus on predefined actions and decision sequences, making them less flexible in accommodating the
varied and sometimes unpredictable nature of human intention. Behavior trees prioritize system-
centric decision-making and are not good at handling human-centric decision processes. The design
of behavior trees is not human-centered, nor user friendly, this is another drawback of behavior tress
modelling.

2.1.5. Petri Nets

Petri Nets were developed primarily for the modelling of systems in which events may occur
concurrently, with particular constraints on the concurrence. This is done using an abstract, formal
model of the flow of information. This makes Petri Nets an attractive approach for modelling HRC
processes, since these generally involve tasks which must be carried out concurrently [38].

Literature indicates an extensive use of Petri Nets for Human-Robot Collaboration. By using
time Petri Nets, A. Casalino et al [39] present a scheduling method for collaborative tasks in assembly,
which aims at achieving optimal planning and adaptability of assembly process based on runtime
knowledge. Time Petri Nets are used for this scheduler. Similar work is carried out in [40] and [41]

Colored Petri Nets were used to model the concurrent scenario in which a human works
collaboratively with a wearable robot. The model developed assigns tasks to the robot which are
considered too laborious for the human, in a panel installation task. A hybrid control system was
developed from the CPN framework, achieving promising results for real-time scheduling and
trajectory planning [42].

The main aim of this work carried out by R. E. Yagoda et al [43] was to develop a technique to
model Human-Robot Interaction (HRI). The method used Petri nets as the modeling tool for HRI,
built upon traditional approaches using job and cognitive work analysis. Petri nets were found to be
advantageous as they are generally simple, yet are built upon underlying mathematics, making them
powerful for such modelling applications. This work focused on a particular use case, that of UAVS,
the control of which is complex and typically involves two or three operators, various stages of flight
and varying environments. Petri nets were found to be useful as they are capable of expressing import
time dependencies, task concurrencies and event-driven behavior, unlike traditional tools.
Additionally, their graphical nature makes them an excellent communication medium, whilst they
allow for explicit state modelling since they are state-based, rather than event-based. The research
was deemed unique since the behavioral events were modelled using a combination of job analysis,
cognitive work analysis and Petri nets.

A scheduling strategy using Time Petri Nets was proposed by A. Casalino et al [44]. The
approach was demonstrated in a realistic scenario involving a human operator and dual-arm robot
performing an assembly task. While the actions of the human operator were not scheduled, a plan
for the activities of the robot was made based on predicted future human intentions. The control
policy was designed specifically for this use case but can easily be extended to more general cases.
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This is considered future work. An additional further improvement would be to lessen the
assumptions on which the scheduling algorithm was based.

Petri Nets have limitations on expressiveness for complex decision making, task allocation, and
communication. Their design is mainly used for discrete event modeling other than real-time and
continuous motion and perception. Petri Nets also do not naturally integrate with Al and learning
algorithms. It is not considered the most suitable choice for modeling the complexity and dynamics
of human-robot collaboration, which involves a combination of continuous and discrete interactions,
uncertainty, and complex decision-making processes.

Based on the user requirements of the ACROBA project, we need an intuitive and user-friendly
user interface for modelling and executing the robotic processes. This basic requirement rules out
behavior tree, UML, SysML, and Petri Nets. UML and SysML are more well-adapted for high-level
system modeling, requirement, and system integration, behavior trees mainly focus on automation,
predefined actions and decision sequences, and Petri Nets lack expressiveness for decision making
and communication. BPMN notations are found to be well accepted by ACROBA users in terms of
usability. However, standard BPMN does not have robotic elements or notations. Although BPMN
can be applied to robotics, the process model gets too complicated for non-experts of BPMN. In
general, these modelling tools are all well-established tools in their application area. However, they
are not developed specifically for robotics in the HRC domain. In the current versions, it is not
possible to separate the HRC task types, specify the HRC modes, verify safety standards, nor monitor
human factors.

Therefore, we have created a new modelling language — RTMN for robotic processes that is
based on BPMN. It uses the well-known basic notation shapes and builds robotic notations upon
them. After our first RTMN version, we continued our research with the aim of improving RTMN,
especially in the human robot collaboration area. RTMN 2.0 is the extension of RTMN.

2.2. RTMN 2.0 — Extension of RTMIN

In this section we will explain the RTMN 2.0 in detail.

2.2.1. The RTMN Elements

RTMN originally contained eleven basic notations that are differentiated by shapes, colors, and
icons [2]. These notations are developed based on the well-known business process modeling
notation (BPMN) [45]. The goal is to develop a modelling language that covers the robotics domain
with familiar notations, rather than completely new ones. These notations adopt color, icon, and
shapes in their design, aiming to make the modelling more intuitive. Four BPMN standard notations
- “sequence flow”, “event” (start, end) and “gate way” (exclusive) are reused in RTMN (see BPMN
specification [45]).

There are five new robotics specific notations: robot task, robot skill, robot primitive, HRC
(human robot collaboration) task, and one slightly changed notation - human task, similar to a user
task in BPMN, however, here it has a human icon and a color assigned to it. A “task” in BPMN is at
the lowest level of the process and it cannot be broken down into finer details. It is considered an
atomic activity within a process [46]. However, the term “task” in the robotics area is rather a
subprocess in relation to BPMN. With the different usage, a picking task for example - it is not an
atomic activity, it consists of detailed steps such as to move to the right place, locate the gripper and
grasp etc. Therefore, we differentiate a robot task from a typical BPMN task. We define it as an activity
consisting of a set of activities which corresponds to a special type of BPMN sub-process that deals
with robot activities. The activities within the robot task are defined as skills and primitives.
Primitives are atomic activities that compose robotic skills, and skills form robot tasks.

2.2.2. The RTMN 2.0 Elements

RTMN 2.0 in comparison to the first version of RTMN has the following extensions:
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Adding HRC modeling elements, including safety in combination with collaboration

modes and task types of humans and robots. This has significantly enriched the former RTMN model
and enabled it to be applied to HRC application areas.

Adding requirements, KPI as basic elements
Adding the link from requirements/KPI to robot control
Adding decision making elements

RTMN 2.0 is designed especially for modeling human robot collaboration processes. Together
with version 1.0 it is capable of modeling light-out automated robotic processes as well as human
robot collaboration robotic processes. The model contains two sets of elements: the RTMN elements
and the extended elements. The complete overview is presented in Figures 1-3. It consists of all the
elements of RTMN 2.0 with the newest improvements and extensions.

Notation

Notation

Description

Attribute

Condition

Cardinality

Relation

It is a green (#4CAF50) rounded corner rectangle
with a single thin line and includes a robot figure
marker in the top middle of the rectangle

has postcondition

Name
— Process Process is a complex activity or set of activities that (has name N/A has at least one task |a process can be
- a specific goal. has KPI connected to
£ It is a orange (#ED7D31) double line rectangle with |has requirement another process
round corners has goal
has task
has sequenceElement
has inputs (goals)
has outputs (results)
has feedback
has precondition
has postcondition
Human task It is an activity that is performed by a human has name no robot has at least 1 human |output is used to
- Itis agreen ( ) ded corner { has human performer |involvement performer continue the process
with a single thin line and includes a human figure |has inputs
marker in the top middle of the rectangle has output
(button/signal)
Robot Task Robot task is a compound activity that done by has name no human no human operator |has skills &/robot
- robots to perform a complex robot action. It can be |has skill Iy involved task. Used to
broken down into finer level of details. has sequenceElement other robot
Itis ared (#FF5252) rounded corner rectangle with |has inputs (goals) task and processes
a single thin line and includes a robot figure marker |has outputs (results)
in the top middle of the rectangle, a “plus” signin |has feedback
the lower-center of the shape indicating that the has precondition
activity has a lower level of details. has postcondition
Skill Robot skills are used to integrate and syncHRConize (has name no human has at least 1 has primitives &/
. robot actions and sensor data in a consistent way. A [has skill involvement primitive skills
robot skill is an elementary functionality or action |has primitive Used to compose
provided by a robot in order to perform an has sequenceElement robot tasks
autonomous mission. has inputs
It is a blue (#448AFF) rounded corner rectangle with [has outputs
a single thin line and includes a robot figure marker |has feedback
in the top middle of the rectangle, a “plus” signin  [has precondition
the lower-center of the shape indicating that the has postcondition
activity has a lower level of details.
Primitive Primitives are simple, atomic robot activities that  [has name no human atomic, cannot be receives information
- can be combined to form more complex robot has inputs involvement broken down to a from other primitives|
behaviors. They are the lowest level model has outputs finer level of detail |and skills.
elements and provide direct access to hardware has feedback Used to compose
has precondition robot skills

Figure 1. RTMN Modeling Elements — Part A: Basic Notations.
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Teaching HG(TH)

performed by both human and robot to achieve a
common goal. It can be broken down into finer level
of details. This HRC task type is a combination of
teaching task type and HRC mode HG. The middle
brown area with the joined color of red and green
represents the shared workspace by human and

It is a round corner rectangle with a single thin line.
It has two colours the red (#FF5252) represents

has sequenceElement
has inputs (goals)

has outputs (results)
has feedback

has precondition

has postcondition

has loopCharacteristics
has HRCTaskType

has HRCMode

both involved in
completing the
activity

task and 1 robot task

HRC Task - [Human robot task CF is a compound activity thatis |has name

Coexi: b by both human and robot. It can be has sequenceElement

Fence (CF) broken down into finer level of details. This HRC  |has inputs (goals)
task type is a combination of coexistance task type |has outputs (results)
and a um HRC mode Fence. has feedback

“ It is a round corner rectangle with a single thin line. |has precondition
It has two colours the red ( ) has
robot and the green human. |has loopCl
L2l It has a white space in between indicates the robot |has HRCTaskType

and human do not work at the same workplace. The has HRCMode
thick black line indicates robot in fence. It has a has safety Level
“plus” sign in the lower-center of the shape
indicating the activity has a lowerlevel of detail.

HRC Task - Human robot task SS is a compound activity thatis |has name human and robot are | has at least 1 human |has human task and
b by both human and robot to achieve a |has sequenceElement  |both involved in task and 1 robot task |robot task

c goal. It can be broken down into finer level|has inputs (goals) completing the has HRC task type:

SMS(SS) of details. This HRC task type is a combination of |has outputs (results) [activity sequential
sequential cooperation task type and HRC mode  |has feedback has HRC mode: SMS
sms. has precondition has Safety leve
It is a round corner rectangle with a single thin line. |has postcondition
It has two colours the red ) has loopC
robot and the green (#009688) represents human. |has HRCTaskType
It has an icon ing the has HRCMode
task type and HRC mode SMS. It has a “plus” sign in |has Safety Level
the lower-center of the shape indicating the activity
has a lowerlevel of deta

HRC Task - [Human robot task TH is a compound activity that |has name human and robot are |has at least 1 human |has human task and

robot task
has HRC task type:
teaching

robot and the green (#009688) represents human. |has Safety Level
It has an icon indicating the collaboration task type

and HRC mode. It has a “plus” sign in the lower-

center of the shape indicating that the activity has a

lowerlevel of detail.

HRC Task - Human robot task PS is a compound activity that  |has name human and robot are [has at least 1 human |has human task and

Parallel performed by both human and robot to achieve a  |has sequenceElement  |both involved in task and 1 robot task |robot task

c goal. It can be broken down into finer level|has inputs (goals) completing the has HRC task type:

SSM(PS) of details. This HRC task type is a combination of  |has outputs (results) [activity parallel
parallel cooperation task type and HRC mode SSM. |has feedback has HRC mode: SSM
The middle brown area with the joined color of red |has precondition has Safety level: >=3
and green the shared by has iti
human and robot. has loopCharacteristics
It is a round corner rectangle with a single thin line. |has HRCTaskType
It has two colours the red (#FF5252) represents. has HRCMode
robot and the green (#009688) represents human. |has Safety Level
It has an icon indicating the collaboration task type
and HRC mode. It has a “plus” sign in the lower-
center of the shape indicating that the activity has a
lowerlevel of detail.

HRC Task - Human robot task CP is a compound activity that |has name human and robot are [has at least 1 human |has human task and

c by both human and robot to achieve a  |has sequenceElement |both involved in task and 1 robot task |robot task

PFL(CP) common goal. It can be broken down into finer level|has inputs (goals) completing the has HRC task type:
of details. This HRC task type is a combination of  |has outputs (results) [activity ljoint

ion task type and HRC mode PFL. has feedback has HRC mode:

It is a round corner rectangle with a single thin line. |has precondition has Safety leve

It has two colours the red ( ) has

robot and the green human. |has loopC

It has an icon indicating the sequential has HRCTaskType

collaboration task type and HRC mode SMS. It has a [has HRCMode

“plus” sign in the lower-center of the shape has safety Level

indicating that the activity has a lowerlevel of

detail.

Figure 2. RTMN Modeling Elements — Part B: HRC Tasks.
are KPI targets to achieve certain has name N/A at least one connecting to

process goals. has requirementDes process or
has goal subprocess
has KPI
has formula
has input
has output
has precondition
has postcondition

KPI KPI stands for key performance indicator, a has name N/A KPI, at ing to
i measure of pt over time for |has KPIDes least one requirement
a specific objective. has formular
Sequence Flow (connect flow objects in a process, the arrow has name N/A can connect only one |connecting process
— direction indicates the workflow direction has sourceRef element on the left elements

has targetRef and one on the right

Data Association |connect data input or output to a flow objectina  [has name N/A can connect only one [connecting process
process. has sourceRef element on the left |elements

has targetRef and one on the right

Condition Condition is rule-based decision making. It is has name Rule table system can execute |is connected with
enabled by a rule table where users can specify has ruleTable automatically multiple sequence

f== their decision logic. It is a dimond shape with a rule |has alternativePath flows
table icon.

Decision Decision refers to human decision making. Human |has name Decision table Human needs to is connected with
decision making allows / to specify a |has decide here by giving |multiple sequence
question that will be answered at run time. Itisa [has alternativePath input flows
dimond shape with a human icon. has humaninput

is an area in the robotic cell/workplace. |has name
It is used to seperate the different physical spaces. |has inputs
It is a black rectangle with a smaller rectangle in it [has outputs
on the left. has feedback
has precondition
has postcondi
Start ating where a process start has name N/A can only be used to  |can be connected to
O start a process a sequence flow
End indicating where a process will end. has name N/A can only be used to | a sequence flow can
O end a process be connected to it

Figure 3. RTMN Modeling Elements — Part C: Other Notations.

2.2.3. The RTMN 2.0 Sequence Flow Connection Rules

10
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Figure 4 displays the rules regarding how to connect the elements in a sequence flow. The basic
rules are: Start can only start a process, and cannot have any element flow into it; End is the opposite,
it ends the process and cannot have any elements flow out of it; Sequence Flow connects the other
elements and points out the direction of the process flow; Requirements are normally defined on the
process level, but it can also be assigned to tasks, skills and primitives if needed; KPIs are usually
used to measure achievement of requirements for the process, but can also be assigned to tasks, skills
and primitives if needed; Tasks can be connected to any other task, condition, decision or sequence
flow; Skills and primitives can be connected to skills and primitives as well as conditions, decisions
and sequence flows.

EEEEEEEEm O OGS 00
e i e
N N N N N N N N N N N N N N
Y Y Y Y Y Y A\ Y Y \d Y \4 N Y
v v Y v \4 v v Y A4 A4 \4 \4 N v
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Y Y Y Y Y Y Y Y Y Y Y Y N Y
N Y Y Y Y Y Y Y Y Y Y Y \4 N Y
N Y Y Y Y Y Y 4 Y Y A4 Y A4 N Y
N Y Y Y Y A4 Y Y Y N N N N N N
N Y Y Y Y Y Y Y Y Y Y N N N N
N Y Y Y \4 A4 Y Y Y N N Y \4 N Y
N Y Y Y Y Y Y Y Y N N Y v N Y
N 4 Y Y Y Y Y Y Y N N Y A4 N N
N N N N N N N N N N N N N N N

Figure 4. RTMN 2.0 Sequence Flow Connection Rules.

2.2.4. The HRC Model

We have developed an HRC model that covers the following aspects of HRC: HRC task types,
HRC modes, HRC tasks, workspace and decision making. We address every aspect one by one in the
next section.

2.2.4.1. Combining Collaboration Task Types and HRC Modes

Based on the literature [10-22] we consolidated the different classifications of the HRC task types
and HRC modes. In literature, five HRC modes (fence, SMS, HG, SSM, PFL) and five HRC task types
(cell, coexistence, synchronized, cooperation and collaboration) are commonly defined. The HRC
modes can ensure the safety of people even when unexpected human intrusions occur. However, the
HRC task types do not by definition ensure the safety of people. This classification focuses on how
closely humans and robots work together and only the people planned for the task are considered.
In reality, no matter how we define the task type, humans can act differently than expected, and
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human intrusions can occur. Therefore, to ensure safety each task type must have a minimum safety
mode enabled. For this reason, we present a new classification that integrates the HRC task types,
HRC modes, and safety levels. Safety level 0 indicates no risk for the human from the robot. It has
the lowest safety requirements, as the robot is in a physical fence. Safety levels go up to level 4, which
requires the highest safety requirements not only from hardware, but also from software. We also
distinguish the collaboration levels (0-5): the higher, the more collaboration between human and
robot.

For each task we have defined general safety requirements. Solution design on the hardware and
software level are proposed for each HRC task type. This makes it easier for process engineers to
ensure safety when implementing HRC processes. The overall approach is presented in Figure 5.

In our new classification we have five categories: Coexistence Fence (CF), Sequential
Cooperation SMS (SS), Teaching HG (TH), Parallel Cooperation SSM (PS), and Collaboration PFL
(CP). The human robot task type “cell” refers to robot working autonomously surrounded by
physical fences without human involvement, so we only need to model the robot tasks and no human
tasks need to be modeled. In this case we do not need to create a separate HR task type for it as it has
only robot tasks. We have added a new task type “Teaching”, this is when a human takes control of
the robot and demonstrates what the robot should do, then the robot learns and repeats it. The reason
for adding it is to cover this missing collaboration task type and then to be able to map it to the
collaboration mode HG.

ial robot i i C i C i Ce

and Physical t/ / robot and robot and robot and

fences. If fence e robot and e robot and that that has that can

opens, robot that can that can allow the robot  |zone/position control the the

. |stops. trigger robot to trigger robot to state switches to [control of motor|
stop when human |stop when human |safety-rated capabilities. E.g.  |power and force.
enters the robot  |enters the robot  |monitored speed |2D Scanner, E.g. 3D safety
working area. E.g. |working area. E.g. to vision scanner,
Light Curtain, 2D  |Light Curtain, 2D |allow direct pads/floors, 3D vision system
Desig scanner scanner movement of safety vision

robot. E.g. hand  |scanner
guiding device

No addit | No add| I No add| | safety-rated speed/position collision handling,
d speed [control distance, force,
ionali ionali ionali i i velocity, power of

needed needed needed robot limitation
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Figure 5. Combining HRC Task Types and HRC Modes.

e Coexistance Fence (CF)

This type (Figure 6) combines the task type “Coexistence” and collaboration mode “Fence”. This
task has the lowest HRC level 0 and should activate at least safety level 0 (Fence) in the background.
We recommend using an industrial robot, since the human and robot do not work together in the
same workplace. The fence for the robot can be in the form of physical barriers or certified hardware
like a light curtain/2D scanner. As long as Fence mode is insured, this task is safe. No additional
software functionalities are needed.

H

Figure 6. Coexistence Fence Notation.

e Sequential Cooperation SMS (5S)

This type (Figure 7) combines the task type “Synchronized” and collaboration mode “Safety-
rated monitored stop”. “Safety-rated monitored stop” means “condition where the robot is stopped
with drive power active, while a monitoring system with a specified sufficient safety performance
ensures that the robot does not move” as described in [47].

This task has collaboration level 1 and should activate at least safety level 1 (SMS) in the
background. We recommend using either an industrial robot or a collaborative robot with safety
certified hardware like light curtain/2D scanner to ensure SMS (robot stops when human enters the
robot working area). As long as SMS mode is insured, this task is safe. No additional software
functionalities are needed.

Figure 7. Sequential Cooperation SMS Notation.

e Teaching HG (TH)

This type (Figure 8) combines the task type “Teaching” and collaboration mode “Hand
Guiding”. This task has collaboration level 2 and should activate at least safety level 2 (HG) in the
background. We recommend using a collaborative robot with safety certified hardware that allows
the robot state to switch to safety-rated monitored speed functionality to allow direct movement of
robot. e.g., hand guiding device. If a minimum safety HG mode is insured, this task is safe. Safety-
rated monitored speed functionalities need to be programmed at the software level. In ISO 10218-1
safety-rated monitored speed is written as “safety-rated function that causes a protective stop when
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either the Cartesian speed of a point relative to the robot flange (e.g. the TCP), or the speed of one or
more axes exceeds a specified limit value” [47].

Figure 8. Teaching HG Notation.

e Parallel Cooperation SSM (PS)

This type (Figure 9) combines the task type “Parallel Cooperation” and collaboration mode
“Speed and Separation Monitoring”. This task has collaboration level 3 and should activate at least
safety level 3 (SSM) in the background and put in place the hardware that insures the SSM mode. We
recommend using a collaborative robot with safety certified hardware that has zone/position control
capabilities, e.g., 2D scanner, pressure pads/floors, 3D safety vision scanner. Speed/position control
functionalities need to be programmed at the software level. The work area should be divided into
three zones: green zone (robot runs at full speed), yellow zone (robot runs at reduced speed), red
zone (robot stops). As long as SSM mode is insured, this task is safe.

Figure 9. Parallel Cooperation SSM Notation.

e Collaboration PFL (CP)

This type (Figure 10) combines the task type “Collaboration” and collaboration mode “Power
and Force Limiting”. This task has collaboration level 4 and should activate the safety level 4 (Power
and Force Limiting) at the background. This type is the most collaborative task type, requires the
highest safety controls and demands the most software engineering effort. We recommend using a
collaborative robot with safety certified hardware that can control the limitation of motor power and
force, e.g., a 3D safety vision scanner or a vision system. For force control and limitation force-torque
sensors in end-effectors and/or in the joints of the robot are required. At the software level,
functionalities need to be developed for collision handling, distance monitoring, force control,
velocity tracking, and power of robot limitation. For example, a simple calculation for the maximum
separation distance can be defined by multiplying the Trs (time for robot to stop) and Sr (robot speed).
Therefore, Drh (Distance between robot and human), Max Drh = Trs * Sr. As long as PFL mode is
insured, this task is safe. In the property of this notation, one must assign an HRC mode and task
type to it.
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Figure 10. Collaboration PFL Notation.

2.2.4.2. Workspace

To align the modeling with the realistic robotic cell, we introduced the workspace notation. This
notation is similar to the BPMN pool/lane (see Figure 11). In BPMN, pools represent companies,
departments, or roles. Lanes represent sub-entities within these organizations and appear as swim
lanes inside the pool [3]. In robotic processes, there are usually only limited humans involved in the
process. In the robotic cell the focus is not the different entities like roles or departments, but the
different areas in the cell. Therefore, we propose to use pools/lanes as workspaces for separating the
different areas in the robotic cell.

One can use workspace when tasks in the process are carried out in multiple workspaces. When
tasks switch from one workspace to another, there will be a pop-up window or voice reminder of a
workspace change. A workspace can have input and output, precondition and postcondition
assigned to it. With these properties one can set up specific requirements for the workspace. Figure
12 shows an example of using the workspace notation.

me

Figure 11. Example of Using Workspace Notation.

Figure 12. Workspace Notation.

2.2.4.3. Decision Making

We model decision making with two different notations. We call one “Condition” (See Figure
13) which is rule-based decision making and the other “Decision” (See Figure 14) which refers to
human decision making.
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Figure 13. Decision Notation.

Figure 14. Condition Notation.

Rule-based decision making is enabled by a rule table where users can specify their decision
logic. Table 2 shows how the rule table looks, with some examples to demonstrate the usage of it.

Table 2. Rule Table.

= E Fill up bi
1 Bin Status mpty i up om
o Empty Do nothing
Trs * Sr
" specd) Din(Distance bepeen obot and S O
2 Distance Robot&Human peec,
human)
< Trs * Sr Robot run at collaborative
speed
- accepted Move product to next
3 Quality check P station
= rejected Move to rejected bin

The rule table checks whether the conditions are met. Depending on whether the conditions are
met or not, a corresponding action will be followed. Often there is only one parameter that is being
checked, for example “quality check”. But there are also cases where multiple parameters are
checked. In this case we need to define the sequence of the condition check. We use a sequence column
to indicate that the parameters are checked sequentially one by one. When the rule table is defined,
this sequential execution must be followed.

Human decision making allows operators/users to specify a question that will be answered at
run time. At this step, a question will pop up and ask the operator/user to give an input (commonly
a yes or no answer). Based on what the operator chooses (yes or no) a different branch of the process
flow will be executed. Figure 15 gives an example of using the decision notation.
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.
Yes
Correction needed?
o Pick Station
No
-

Figure 15. Example of Using Decision Notation.

2.2.5. Other Extensions and Modifications

In RTMN 2.0 there are other extensions. We also made some modifications to the notations in
RTMN first version.

2.2.5.1. Requirements and KPI

Key Performance Indicators (KPIs) form a specialized set of metrics steering management
activities towards improving company performance, representing quantitative measures of critical
success factors (CSFs) in enterprises [48]. They serve as variables reflecting progress toward goals
while aligning with the company's vision and strategies [48]. Displaying KPIs is essential for
supervisors and employees to seek improvements and reaching for higher performance [48]. In an
HRC environment, safety and ergonomics are widely acknowledged as crucial pillars, while in a
business context, Productivity, encompassing both Effectiveness and Efficiency, and Economics must
be considered [48].

Therefore, after analysing numerous research papers Caiazzo et al. divided the various KPIs
related to HRC to the following four areas: ‘Productivity’, ‘Economics’, ‘Safety’, and ‘Ergonomics’
[48]. We adopt their systematic approach and categorise the requirements and KPIs into these four
categories.

The requirement notation (see Figure 16) and KPI notation (see Figure 17) are added to RTMN
2.0 to visualize the business requirements and KPIs on the process level. We can also assign
requirements and KPIs at the task level if needed.

The requirement notation (see Figure 16) represents business requirements of a robotic
process/task. It has the following properties: name, formula, KPI, input, output, precondition, and
postcondition. One can set constraints using preconditions and postconditions. For example, one can
add a postcondition - the sum of net machine utilization and net operator actuation is 100%. The KPI
notation defines the key performance indicators linked to the requirements (see Figure 17). Table 3
illustrates the general KPIs for the HRC robotic processes, among which a few are related to human:
Accident Rate, Net Operator Actuation, Human Exposure to Chemical.

Figure 16. Requirement Notation.



Figure 17. KPI Notation.

Table 3. Requirements and KPIs.

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 November 2023

18

Decrease cycle time by

10%
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by 20%
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Reach
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Reduce accident rate
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new)/

(Productivity
Productivity
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Productivity

Success Rate

Reprogramming

Time
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Net Machine
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Net Operator
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Accident Rate

Human Exposure
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Cycle Time = Process end time —

Process begin time

Units of Product/ production

time (hours)

Nr of success action/ Nr of total
actions
time finish reconfiguration -

Time start reconfiguration

the number of products not

accepted in quality inspection

machine run hours per process/

process duration

Human working hours

per
process/ process duration

the number of Reportable health

& safety incidents per month

Time of human exposure to

Chemicals/danger/ cycle time

2.2.5.2. Traceability of Requirements and KPIs

The inputs for calculating the KPIs come from ROS - the robot control level. From primitives and
skills, we can get the input values and use them for calculating the KPIs and validate the
requirements. Through this, the traceability of requirements and KPIs are achieved.

To be more specific, KPIs are calculated automatically based on the values created in the different
layers of the robot system. For example, for a pick skill, whether the pick is successful or not is
tracked. The success rate of picking is calculated by the number of success picks / total pick attempts.
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Another example — the robotic task Scrap Product — quality inspection of the number of accepted
products and not accepted products is tracked. If the product is within the error tolerance, it will be
accepted and vice versa. The system can add up the number of accepted products and the number of
not accepted products, and then Product quality is calculated by dividing the number of products
not accepted by the number of total products.

2.2.5.3. Robotic Process

A robotic process involves robots in the process. We have added this notation (see Figure 18)
because we want to visually show the relationship between business requirement and the overall
process. A process can contain human tasks, robot tasks and HRC tasks.

Figure 18. Robotic Process Notation.

The robotic process has data properties: name, owner, and organization.
Requirement/Objective and KPIs are no longer just properties of the process. They have their own
notations as described earlier.

Figure 19 provides an example of modelling KPIs and requirements for a process. The dashed
arrows indicate data association.

Reach success rate of 30%

Figure 19. Process-Requirement-KPI Example.

2.2.5.4. Skill and Primitive

We modified the icons of the skill and primitive notation in order to easily distinguish the robot
task and robot skill visually, whilst bringing skill and primitive closer. Now both skill and primitive
have a robot body icon (See Figure 20 and 21). Robot task has a robot arm icon.
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Figure 20. Skill Notation.

Figure 21. Primitive Notation.

2.2.6. The Implementation

As described in the former RTMN paper [2], the modelling language RTMN is used in the
graphical user interface (GUI) of the ACROBA platform. The notations from RTMN 2.0 are defined
as drag and drop elements in the GUIL The GUI is developed on the Flutter framework [49]. Flutter
uses Dart as its programming language. The special package Dartros [50] enables Flutter to
communicate with ROS [51] by implementing the ROS client library. The overall architecture is
shown in Figure 22 (taken from the former paper).

The GUI using RTMN 2.0 serves as a modelling tool. The users can create a process model in the
GUI The process sequence is then sent from the GUI to the task planner through Datros. The task
planner takes the sequence and “translates” it to a behaviour tree which is connected to ROS. Task
planner also provides feedback and status of the tasks to the GUI. The population of the available
modelling elements such as skills and primitives are managed through an ontology where the
domain knowledge such as tasks, skills and primitives are defined. The characteristics of ontology
ease the sharing of knowledge, provide clear structure of data, and enable accurate reasoning of
data[52]. Therefore, we also adopt the benefits of ontology for knowledge-sharing among
heterogeneous systems and human-machine interaction.

System
Operator designer
l Runtime control l Task design
| GUI with RTMN

Launches the task
planner through ROS
senvices and dartros

Task feedback List of skills Task
Or sLatus and primitives description

Task planner

Runtime
task
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Inputs for the task
Skills sequence

ACROBA ontology
Use case specific

ontology

Skills/primitives
available
World state for
specific tasks
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Figure 1. RTMN 2.0 Framework [2]

Demonstration

Figure 22 shows the design of the Graphical User Interface (GUI) for R-TMN 2.0. The left side is
divided into different abstraction levels: processes, tasks, skills and primitives. At the bottom left
conner, the connecting notations are shown. One can simply drag and drop the notations on the left
to model an HRC process.
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Figure 23. HRC Process Example - PCB Assembly.

We illustrated one example of an HRC process. This example is a modification of a use case
process due to confidentiality. A Printed Circuit Board (PCB) assembly process is a process to
assemble a PCB. The assembly works by putting different kinds of Pin through Hole (PTH)
components on the PCB. This process consists of three tasks: Move PTH to Pick Station, Assemble
PCB, Inspect PCB. Move PTH to Pick Station and Assemble PCB are two HRC tasks, while Inspect
PCB is a robot task.

For the HRC task Move PTH to Pick Station, safety mode SMS should be ensured because it is a
sequential HRC task with human and robot working one after another. It has a human task, Fill Up
Bin, followed by a robot skill Move to Bin, then a primitive, Grasp PTH, robot skill Move to Pick
Station, and primitive, Release PTH.

For the HRC task Assemble PCB, safety mode SSM should be ensured as human and robot work
in parallel in this task. They work side by side on the same PCB, but not at the same time. When a
PTH is wrongly positioned, the human needs to correct it. As the human approaches the robot and
enters the “red” zone, the robot stops. This task consists of a simple robot skill - match PCB (this skill
scans PCB, then, based on the scanned image loads the CAD model of the PCB) and two parallel tasks
(combination of skills)- Correct Position Error by human and Pick&Place by robot. The join/split
notation is used here to split the sequence to two, then merge the two back to one again.

The robot task Inspect PCB does not involve any human. It is purely done by a robot. In this task
a condition notation is used to decide where the PCB goes after inspection. If it is accepted, it is moved
to the next station. If it is rejected, the PCB is scrapped.



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 November 2023

22

3. Results

As we described in our former paper [2], we adopt the “technology acceptance model” [53] from
Davis and Venkatesh for developing and validating our approach. Based on Davis and Venkatesh,
perceived ease of use and perceived usefulness of prototypes have been shown to predict the real use
of the technology months later [53]. We performed an early evaluation of our approach and the
feedback received from 17 partners and 82 participants was positive. They perceive the GUI with
RTMN as useful for managing their work and expressed their willingness to use the tool.
Additionally, they found the design easy to understand and intuitive to use. Detailed data were
shown in our former paper [2]. According to [53] this early evaluation of the tool will very well predict
its intended use by the users after implementation.

We plan to perform another round of evaluation of the GUI after implementation. We will
analyze the results and assess the benefits and drawbacks of the GUI. Based on the feedback, further
improvements will be made.

4. Discussion

This paper does not yet cover the details of modeling of human factors related to mental safety
(mental stress and anxiety) induced by close interaction with robots. The authors will continue their
research in this area and aim to develop a comprehensive approach for modeling human factors.

5. Conclusions

This paper covers the extension and modification of the RTMN. RTMN 2.0 focuses on modelling
of human robot collaboration processes. Modelling of requirements and KPIs are added to enable the
traceability from a process to the lower robotic control level. Notations related to decision making are
modified as an improvement of RTMN. These additional features of RTMN 2.0 together extend
RTMN to the HRC process domain and increase the intuitiveness and reusability of robot process
modelling. This allows people without programming expertise to plan and control robots in an easier
way.
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