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MANAGEMENT BRIEF

This deliverable reports the development status of the initial prototypes of two modules of
SHERLOCK that will allow monitoring of the shopfloor as well as its digital representation, as the
outcome of two tasks: i) T4.2 “Workspace monitoring using distributed sensor networks” and ii) T4.3
“Shopfloor digital representation and dynamic status update”.
Two modules where developed. The first one is called Workspace Monitoring Module (WMM) and is
the outcome of T4.2. The second one is called Shopfloor Digital Representation (SDR) and is the
outcome of T4.3.
The developed prototypes are applied to the various use cases of SHERLOCK. This document reports
the design and the steps towards the implementation of the first prototypes.
The document is structured as follows: Section 4 will provide and introduction to the aforementioned
modules. Section 5 describes the design and implementation of the workspace monitoring
mechanisms while Section 6 describes the design and implementation of the shopfloor digital
representation module. Finally, Section 7 concludes the work done and presents some future steps
related to the development of the final prototype of the modules.
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INTRODUCTION

4.1 Workspace monitoring systems
Industrial environments are characterized as complex, unstructured and crowded. The local perception
of the robots is limited, having a big impact on its performance (e.g. operation speed, path replanning) and safety (e.g. unexpected elements crossing through the robot’s path or found after a
turning). In the implementation of hybrid production systems, the workspace sharing introduces
mandatory and challenging safety aspects. Any place in which autonomous robots work with humans
require constant surveillance, to guarantee that no operator nearby is put in danger by the robot. It is
important that monitoring applications ensure that the position of the robot with respect to humans is
always known and with high accuracy and a fast update rate. SHERLOCK brings a framework with a
wide variety of collaboration scenarios between robots and humans. Therefore, this task presents a
great challenge within the project.
SHERLOCK will investigate the utilization of computer vision, pressure sensors, laser scanners and
wearable devices for workspace monitoring. Fast and online tracking of operators and obstacles in a
robotic workspace for autonomous decision making and motion planning that ensures safety.

4.2 Shopfloor digital representation
Shopfloor digital representation (or digital twin) is a digital replica of an actual physical system. It
allows for fast experimentation and analytics for potential changes on such systems, without actually
touching them, something that would be highly time and resource consuming. Digital twin also
provides near real-time simulation models that change and update as the physical system changes.
They are important tools for testing new alternatives and processes and for decision making.
On robotics applications, digital twin typically renders the robot workspace with real time
reproduction of the robot motion. This tool usually is used before running the application to validate
the sequence of motions. On collaborative applications, digital twins must integrate data arriving from
sensors installed around the shopfloor, in order to ensure that the simulation executed reflects as close
as possible the condition around the shopfloor and the results are valid.

4.3 Position in SHERLOCK
Workspace monitoring belongs to Work Package 4 (as task 4.2) of SHERLOCK, with TECNALIA,
LMS and UTRC being the main partners involved in its development. On this same task of WP4,
UCD is responsible for the research on the use of wearables, while INTRA, will work on their
integration in the project.
The development of digital twin solutions corresponds to task 4.3 on the same Work Package, for
which UCD and LMS are the main partners involved.
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WORKSPACE MONITORING USING DISTRIBUTED SENSOR NETWORK

5.1 Approach and Architecture
This chapter covers the design of the workspace monitoring system that will be utilized for various
use cases of SHERLOCK that took place within T4.2 as well as the architecture that was followed for
its implementation. The outcome of T4.2 is the so called “Workspace Monitoring Module” (WMM).

5.1.1 Safety concept
Safety sensors monitor the position of the operator around the workspace. When the operations
require a fenceless approach, the issue of safety is essential not only during the cooperative task, but
also throughout the entire program’s execution by the robot. The basic architecture of safety
workspace monitoring system is the following (Figure 1).

Figure 1: Safety Architecture of workspace monitoring system.

5.1.2 OTIS Case
Due to the nature of the OTIS case, after analysing the available options, the sensor that will enable
monitoring of the workspace for the OTIS case is the Safety Eye (SE)1 from PILZ. It is a safe camera
system that offers uninterrupted three-dimensional monitoring and control of danger zones and can be
used for safety related applications. This system is positioned above the cell (Figure 2) and divides it
in safety zones (volumes within the workspace). When one of these volumes is violated, after the
image process in the analysis unit of the SE equipment, it generates relevant signals indicating which
zone was triggered.

Figure 2: Field of view of SafetyEYE 3d camera.
Safety Eye, https://www.pilz.com/en-INT/eshop/00106002207042/SafetyEYE-Safe-camera-system, last
accessed on 31/3/2020
1
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5.1.2.1 Shoop floor supervision
The 3d camera is positioned above the robotic cell and its field of view covers all the cell floor, both
the collaborative and the non-collaborative area. The cell floor is divided in predefined zones with
different functionalities (Figure 3). Each zone has its own attribute, according to the human’s
proximity to the robot while operating. The sensor only detects the violation of a zone and does not
recognize if it is a human or another object that triggered the violation. According to whether the
person is in the neutral zone, warning zone (close to the hazardous zone or to the collaborative zone)
or in the hazard/collaborative zone the controller receives from the PLC the respective signals and
sends to the robot the respective instruction namely, to continue operate in automatic mode (i.e. full
speed), in speed reduction mode when near the collaborative area or emergency mode (i.e. protective
stop). Meanwhile indicator light units inform the human for the type of area being violated. When the
operator enters to the warning zone the yellow light turns on and finally when he violates the
hazardous zone or enters the collaborative zone the red light turns on. Furthermore, according to the
orientation of the robot, the collaborative and hazardous areas differ (Figure 3), so the safety zones
switch dynamically based on the orientation of the robot.

Figure 3: Attributes of the areas around the industrial robot.

5.1.2.2 Operator’s position tracking
Apart from safety monitoring, the 3D camera may be also used for tracking of the operator’s position
within the cell. As mentioned before, the sensor does not detect humans but only detects zone
violations. When a person moves between different zones, different signals corresponding to the
violated zones are triggered. By dividing the workspace in small volumes, as shown Figure 4, and
monitoring which of those are being violated, we can predict the position of the operator inside the
shopfloor.
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Figure 4: Discretization of the shopfloor in small detection volumes.
By setting arbitrarily a coordinate system, we will be able to corelate the position of each of the
volumes/zones inside the shopfloor. A Fail Safe (FS) PLC will be able to analyse and process the data
related to the zones that are being violated and return the operator’s position in x,y coordinates. This
approach pushes the limits of existing technologies beyond their intended use, as it provided the
ability to track the position of the operators in a failsafe way. These data may also be:
i) sent to the On-line Safety Assessment Module (OSAM) using a Fail-Safe protocol (D5.3).
ii) be published in a ROS topic for utilization by other non-safe related modules of SHERLOCK,
such as the Shopfloor Digital Representation module (SDM), helpful for on the fly re-planning
of robot trajectory.

5.1.3 VDL Case
5.1.3.1 Safety Sensors
In order to come up to the decision of the hardware to be used for developing the WMM module for
the VDL use case, several options were examined.
•

Use of 3D camera installed at the ceiling of the shopfloor.
Initially the use of a 3D camera system was suggested, however was not efficient as due visual
occlusions occurred due to the linear rail of the robot, as shown in Figure 5.

Figure 5: Use of 3D camera for workspace monitoring in the VDL case.
-11-
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Use of 3D camera + two pressure sensitive mats mats
In order to cover the areas bellow the portal that the 3D camera could not supervise, two pressure
sensitive safety mats were suggested (Figure 6). However, due to the complexity of the proposed
solution, both algorithm-wise and cost-wise, this solution was rejected.

Figure 6: Use of 3D camera and pressure sensitive mats.
•

Laser Scanners
A laser scanner was placed at a corner of the shopfloor. Figure 7 shows the proposed
configuration. As the reader may observe, due to the elements inside the shopfloor (tables etc.)
some visual occlusions occurred, resulting in limited coverage of the shopfloor.

Figure 7: Use of one laser scanner for workspace monitoring.
In order to overcome this issue, the scenario of utilizing two laser scanners placed one opposite to
each other was examined. It such configuration, shown in Figure 8, the whole shopfloor would be
supervised, as each laser scanner would cover the areas that the other scanner could not.
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Figure 8: Use of two laser scanner for workspace monitoring.
The drawback of this solution is that the laser scanner solutions currently available on the market
can only detect violation in predefined a predefined area within their reach and do not detect the
position of humans.
•

Pressure sensitive mats.
Finally, the utilization of pressure sensitive mats was examined. Pressure sensitive mats installed
around the main assembly table of the VDL use case would provide information about the
position of the operator inside the workplace. The area covered should be the one that is within
the reach of the robot, bearing in mind the extra degree of freedom that the linear rail solution
offers. Figure 9 shows the proposed configuration.

Figure 9: Use of pressure sensitive mats for workspace monitoring
After the analysis of the relevant scenario, the following requirements were identified, both
related to the safety certification of the solution and the ease of installation:
• Performance Level “d”
• Category 3
• Availability in various sizes (this could potentially allow a solution with high granularity)
• Custom shapes and sizes
• Integration with robot controllers via a Fail-Safe protocol
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Following, a market research was conducted. The results of the research are summarized at Table
1.
Table 1: Pressure sensitive mats - market analysis

PL”d”

CAT”3”

Dimensions
(mm)
Amin x
Bmin
Amax x
Bmax

Mayser

YES

YES

1000x1000
1000x1500

YES

AllenBradley (By
Rockwell
Automation)

YES

YES

500x500
1000x1800

YES

Fail Safe
integration

Custom
Shapes

Number
of mats
per
Control
Unit

YES

10

YES

8

305x305

Pinnacle
Systems

-

YES

Omron

YES

YES

Schmersal

-

YES

YES

YES

8

300x300
1000x1500

YES

YES

12

250x500
1000x1500

YES

YES

-

YES

YES

-

1829x3658

50x60
Haake

YES

YES

1000x2000

As mentioned before, using mats with small dimensions, will increase the resolution of the pressure
mat grid, thus increase the accuracy for operator’s position tracking.
To sumup the analysis above, it was decided to proceed with the pressure sensitive mats solution.

5.1.4 SOFITEC Case
For the problem of workspace monitoring in the SOFITEC use-case, we propose a deep learning
approach, based on human detection. A stereo vision system will be used to detect and triangulate the
position of the operators in the plant, using cameras placed around the shopfloor. For the first
prototype of this module, the iDS Ensenso 3D Camera2 was used. This system will be then integrated
in a ROS environment so that coordinates obtained by triangulation can be easily accessed by the
robot control routine to make navigation decisions. A block diagram representing the system is shown
in Figure 10.

iDS Ensenso 3D Camera, https://en.ids-imaging.com/ensenso-stereo-3d-camera.html, last accessed on
31/3/2020
2
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Figure 10 Block diagram of SOFITEC case workspace monitoring.
The proposed design consists of 4 modules: Detection, tracking, triangulation and collision checking.
The stereo detection module focuses on detecting people on the image feed provided by the stereo
system (a pair of 2D images).
The tracking module is based on an algorithm called Deep SORT (which stands for Simple Online
Real-time Tracking) [3][4]. In the kind of use-case we are dealing with, detection is not enough. We
need to ensure that the system keeps track of the targets so that it can identify and predict possible
operator trajectories. This is particularly important in the case of image occlusions. Even if the vision
sensor cannot perceive clearly where the operator is, the system can still estimate its location based on
the tracked movement. Tracking helps the robot improve the quality of safety decisions. Deep SORT
is a state-of-the-art multi-object tracking algorithm, based on the popular Kalman filter, which tracks
objects based on its position and velocity. In general, tracking algorithms use a distance metric and
label matching algorithm to determine the ID of a detection through time. On top of that, Deep SORT
adds an appearance metric. This is, it uses a feature descriptor of the object, thus taking into account
how it looks like in the image.
The triangulation module computes the transformation from 2D detections to 3D positions of
operators.
The collision checking module evaluates the distance from the robot to the operators. This module
transforms the coordinates of detected operators, which are given with respect to the camera, into the
robot’s frame of reference, and check if the robot is close enough to any of them to stop or slow
down.
The system designed to solve this task is implemented with the robotics framework ROS. Thus, it
works under Linux. Moreover, it requires some additional software packages that do not come
installed in a common ubuntu distribution. On the hardware side, the system requires a GPU of at
least 2GB to run. The following tables list the rough specs of the machine used and the OS and
packages needed.
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5.1.5 Non-Intrusive Method – Operator Tracking
Towards this direction, a series of experiments has been designed and conducted utilising a set of 9axis Inertial Measurement Units together with the Kinect Azure3 vision system, leading to the
collection of positional information, while also considering anthropometric data.
Wearable sensors, mainly Inertial Measurement Unit (IMU) sensors, are widely used for motion
capture [6], gait analysis [7], activity recognition [8], kinematic analysis and human orientation
estimation [9] and localization [10]. The main goal of the application of wearables pertaining to the
WMM module is to monitor and distinctly track the upper and lower limb of the human operator
carrying out tasks within the HRC scenario and enhance the safety certified solutions followed for the
OTIS and VDL use cases.
The proposed approach follows the schema bellow (Figure 11):

Figure 11: Non-intrusive method approach
In more detail, IMUs are placed at each of the operator’s joints. Data arriving from the IMUs are
analysed and finally position of each one of the joints inside the 3d space is exported. To facilitate the
calibration procedure, a Kinect device is being used during the initialization of the tracking. Kinect
scans the body of the operator and exports the relevant anthropometric data. Using the data from the
Kinect device, the exact dimensions of the bones of the operator is being extracted and automatically
used to calibrate the initial position of the IMUs. This methodology allows the easy and
hassle/programming free adaptation of the solution to various operators, as it does not require manual
measurement and programming of the placement of each of the sensors at the body of the operator.
In order to carry out the tasks mentioned in the forthcoming sections, the hardware and the software
requirements are the following:

3

Kinect Azure, https://azure.microsoft.com/en-us/services/kinect-dk/, last accessed on 31/3/2020
-16-

SHERLOCK

820689

Table 3: Hardware requirements, Operator Tracking.
Software
9 Axis - Inertial
Measurement
unit – Metawear
MetaMotionR
sensor.
Raspberry Pi
hub.

Image

10

Quantity

1

Kinect Azure
Vision system.

1

Accessories –
Wrist Band and
Velcro Sleeve.

2 Wrist band / 8 Velcro
Sleeve.

The basic software requirements needed for the development of the wearable solution:
• Windows 10 Pro.
• Python 2.7.
• C++ 19.
Measuring the motion of an operator with high accuracy is critical for applications in a typical
industrial environment [11]. IMU generally consists of accelerometers, gyroscope and magnetometers
providing the value in x,y and z directions respectively. This allows the sensor to yield 9 values in
space.
The tasks carried out until M18 are:
1. Estimation of the number of steps taken by the human operator.
2. Estimation of the direction of motion.
3. Computation of the velocity and displacement of the operator.
4. Estimation of the human joint movement and calculation of positional information.
The MetaMotionR Sensor4 consists of a low-power BMI160 3-Axis Accelerometer and a 3-Axis
Gyroscope. The accelerometer information is used to compute the acceleration and the gyroscope to
check the orientation of the sensor.

4

MetaMotionR Sensor, https://mbientlab.com/store/metamotionr/, last accessed on 31/3/2020
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The localisation of an operator within an indoor environment is a quite complex process.
Nevertheless, some basic information, related, for instance, to gait movement, including the number
of steps taken, direction and the distance walked by the operator are computed.
Real-time tracking of the position of the operator’s limbs is in practical terms challenging, but it is
necessary if a reliable robot-operator cooperation strategy is to be employed.

5.2 Workspace Monitoring Module – implementation of first prototype
This chapter covers the implementation of the first prototypes of WMM module for the various use
cases of SHERLOCK.

5.2.1 OTIS Case
5.2.1.1 Workspace Supervision using 3D camera setup
5.2.1.1.1 Hardware
The main hardware components used are the following.
• Safety Eye V1 equipment (3D camera, Analysis unit, PSS3000 plc)
• Decentralized Safety PLC (PSS4000)
• Configuration PC
5.2.1.1.2 Software
The main software packages used are the following.
• Safety Eye configurator 2.8.1
• PAS4000 1.17.2
• PSSWIN pro 2.3.2
• WinC5g
5.2.1.1.3

Implementation

5.2.1.1.3.1 Introduction
The Safety Eye 3D camera is positioned at the ceiling above the OTIS robotics cell and the field of
view of the camera monitors the workspace. Specific markers are installed at the shopfloor, used for
calibration purposes. The cell area is divided in smaller detection volumes (detection zones), based on
their distance from the moving elements of the robot:
- Yellow zones → Warning zones: when violated, the speed of the robot is reduced. Operator is
informed that he entered to a warning zone by an indicator lamp installed at the shopfloor.
- Red zones → Detection zones: when violated, they act as emergency switches, forcing the
robot to stop its movement.
5.2.1.1.3.2 Definition of the minimum distance S of a detection zone
The minimum distance S of a detection zone should be such that the operator cannot reach the danger
zone until the hazardous machine part has come to a standstill. According to the standards:
• EN ISO 13855:2010,
-18-
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• EN ISO 13857:2008 and
• TSIEC 6149643CD2:2014
This distance depends on five factors:
• Response time t1 of SafetyEYE
• Stopping time t2 of the robot
• Resolution of the SafetyEYE (arm or body resolution)
• Approach speed K of the object/body to be detected
• Allowances for considering system-inherent measurement tolerances according to TSIEC
6149643CD2:2014.
The general equation for the calculation of the minimum distance according to TS-IEC 61496-4-3CD2:2014 is:
S0 = (K * T) + C + Sa
• S0: Minimum distance in mm, measured from the start of the detection zone to the danger
source
• K: Approach speed with which the object (body) to be detected is nearing the danger zone in
mm/s
• T: Total time from occurrence of a violation of the detection zone until the machine comes to a
complete standstill. The value for the calculation is divided into t1 and t2.
• Sa: Allowances to take into account system-inherent measurement tolerances
In our application, the following applies:
S = (K * T) + C + Sa
• S = Minimum distance in mm, measured from the start of the detection zone to the danger
source. This minimum distance S corresponds to S0 in the general equation above and in
TSIEC6149643CD: 2014)). In our application, S = s1 + s2, where:
o s1 = Minimum width of the detection zone. The minimum width of the detection zone
depends on the number of cycles in the evaluation and the number of multiple
evaluations.
o s2 = Distance between detection zone and danger source
• K = The speed at which the object requiring detection (body) approaches the danger zone in
mm/s. (For our application, K = 1600 mm/s)
• T: Total time from occurrence of a violation of the detection zone until the machine comes to a
complete standstill. For our application: T = t1 + t2, where:
o t1 = Response time of SafetyEYE
o t2 = Machine's stopping time in seconds
• C = Additional distance depending on the resolution
o Arm resolution: 208 mm
o Body resolution: 850 mm
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• Sa: The allowance values are largely dependent on the direction of movement and the
orientation of the sensing device.
➢ The following additional requirements apply for the installation of detection zones with arm
resolution:
o If the calculated proportion (K*T) + C drops below a value of 500 mm when
determining the minimum distance, the value 500 mm must be used for the proportion
(K*T) + C in accordance with EN ISO 13855:2010.
o If the minimum distance S drops below the value of 850 mm, the value 850 mm has to
be used for the minimum distance S.
Figure 12 is a graphical representation of the minimum width of the detection zones.

Figure 12: Detection zone minimum width
5.2.1.1.3.3 Definition the height of a detection zone
The height of a detection zone and the height of the top edge of a detection zone must be laid out in
such a way that reliable detection of objects/persons and an adequate protection against reaching over
is obtained.
The top edge of a detection zone is defined by the minimum height H:
Minimum height

H = H Detection zone + H Bottom edge of detection zone, where:

o Minimum height H: Distance between user plane and top edge of detection zone in mm.
o H Bottom edge of detection zone: Height of detection zone in mm, measured between the top and
bottom edge of the detection zone
o H Detection zone: Distance between user plane and bottom edge of detection zone in mm,
but max. 250 mm in the case of body resolution
5.2.1.1.3.4 Definition the minimum length of a detection zone
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The minimum length corresponds to the distance in mm measured at a right angle to the direction of
approach between the left and right top edge of the detection zone (Figure 13).

Figure 13: Minimum length of a detection zone
6.1.1.3.2.1. Digital I/O Configuration
After being designed, the zones must be grouped in zone arrangements. Each zone arrangement
consists of different kinds and numbers of zones. The zone arrangements have to be assigned to
PSS3000 (programmable safety control system) outputs. The I/O configuration is which outputs are to
be switched are determined, should a zone arrangement's detection zone or warning zone be violated.
The indicator light unit and the global signal output are also configured (Figure 14).

Figure 14: SafetyEYE Configurator: IO mapping.
Also, in the i/o mapping configurator is where the signals for the zone arrangement switching are
configured. Wired outputs from the decentralized safety plc are connected to the pss3000 inputs and
send signals for the robot position according to the Axis 1 rotation to enable zone arrangement
switching based on the position of the Axis 1 of the robot. Dynamic zone switching is a feature that
will increase the efficiency of the workcell, as the robot may work in full speed in the case where the
operator is on the different corner of the shopfloor.
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Decentralized safety plc configuration

Hardware Connection
The decentralized safety plc PSS40005 is positioned within the robot controller’s cabinet. Safety eye
equipment and other safety related modules of the robot’s controller are connected to the modules of
the plc. The signals from the triggered zone arrangements are sent via wired digital IOs to the
PSS4000. The hardwired connections that end to the robot safety switches from the plc, are relevant
to the emergency stop and general stop safety functions but also for other information related to the
robot Axis 1 orientation and feedback signals to guarantee safety. Profinet Safety Communication
Protocol was used for the establishment of the connection of the PSS4000 with the C5G controller of
the AURA robot and the exchange of data.
Software Configuration
The project running in the PSS4000 is configured in the PAS4000 configurator. The inputs of the plc
are matched to internal variables and the signals are processed returning the needed information
contexually to the Safety Eye equipment or the robot controller. When a safetye zone is violated,
signals are sent to the plc and according to the type of zone violated (hardous/detection zone or
warning zone) the according instructions are sent to the robot controller safety modules (emergency
stop/collaborative mode). When the robot is positioned in a certain sector between two values of Axis
1 rotation the according signals are sent to the plc and forwarded to the the PSS3000 in order to
switch to the proper safety eye zone arrangment and protect the respective area (Figure 15).

Figure 15: Safety zones switch according to the robot's orientation.

5.2.2 Operator’s Position Tracking
As mentioned earlier, the solution described above, although being a certified one, may offer some
limitations in the efficiency of the cell, especially in the scenario that the operator will have to work
very close to the robot. To overcome this issue, SHERLOCK aims to introduce novel safety
mechanisms that will allow industrial robots to work closely with human operators, developing an
Online Safety Assessment Module, named OSAM. OSAM utilizes formal methods in order to predict
occupancy volumes of the operator for the time to come. More details about the OSAM module can
be found in D5.3. OSAM needs to main parameters as an input: i) position of each one of the robot
axes, ii) Position of the operator inside the cell. SHERLOCK aims to certify as many of its solutions
as possible. Thus, in order to allow the certification of OSAM, a fail-safe tracking of the position of
the operator was decided to be achieved. Thus, we tried to push the limits of existing certified
technologies and use them to achieve this goal. At this section you may find the first implementation
prototype of such approach.

5

PSS4000, https://www.pilz.com/en-INT/products/automation-system-pss-4000, last accessed on 31/3/2020
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5.2.2.1 Hardware
The main hardware components used are the following.
• Safety Eye V1 equipment (3D camera, Analysis unit, PSS3000 plc)
• Decentralized Safety PLC (PSS4000)
• Configuration PC

5.2.2.2 Software
The main software packages used are the following.
• Safety Eye configurator 2.8.1
• PAS4000 1.17.2
• PSSWIN pro 2.3.2
• WinC5g
• NodeJS

5.2.2.3 Implementation
5.2.2.3.1 Configuration
The way in which the safety eye configurator is used is the same as the one described at Section
5.2.1.1.3. However, instead of designing big zones that would only provide information about whether
the operator is inside the warning area, the approach was to divide the shopfloor in various cube
shaped volumes (Figure 16). When the operator triggers one of the above-mentioned volumes, the
relevant signals are sent to the safety plc and are further processed.

Figure 16:Operator walks within the zones
5.2.2.3.2 Digital IO Connection
Each cube volume belongs to 2 different zone arrangements and each zone arrangement is assigned to
a single pss3000 output. So, each combination of zone arrangements triggered means that a certain
volume is violated.
Due to the limited number of pss3000 outputs we can only use 8 different zone arrangements. As this
is a limiting factor at the moment, we plan to upgrade the equipment used by purchasing a SafetyEye
v2 module, overcoming this issue. For developing first prototype though and validating the proposed
approach, the equipment used was more than enough.
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5.2.2.3.3 Decentralized safety plc configuration
The hardware set up remains the same as of the Section 5.2.1.1.1. Each PSS3000 output is connected
to the decentralized safety plc sending a combination of signals that come from a combination of the
trigger safety eye zones. Those signals are mapped to certain variables with the according name.
According to different combinations of triggered positions the code returns the value of the x, y
coordinates of the operator. Below are presented the different possible positions:
a. Operator triggers only one square (1x1) (Figure 17):

Figure 17: One position triggered in the grid.
In this case, the code returns as the operator’s position the coordinates of the center of the triggered
square.

b. Operator triggers two squares (horizontal orientation - 1x2) (Figure 18):

Figure 18: Two positions triggered in the grid (horizontal orientation).
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In this case, the code returns as the operator’s position the average coordinates of the two triggered
squares

𝑥=

𝑥𝑖 + 𝑥𝑖+1
2

𝑦=

𝑦𝑗 + 𝑦𝑗
2

c. Operator triggers two squares (vertical orientation - 2x1) (Figure 19):

Figure 19:Two positions triggered in the grid (vertical orientation).
In this case, the code returns as the operator’s position the average coordinates of the two triggered
squares
𝑥𝑖 + 𝑥𝑖
𝑥=
2

𝑦=

𝑦𝑗 + 𝑦𝑗 +1
2

d. Operator triggers four squares (2x2) (Figure 20):

Figure 20: Four positions triggered in the grid.
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In this case, the code returns as the operator’s position the average coordinates of the centers of the
four triggered squares.

𝑥=

𝑥𝑖 + 𝑥𝑖+1
2

𝑦=

𝑦𝑗 + 𝑦𝑗 +1
2

e. Operator triggers three squares (horizontal orientation – 1x3) (Figure 21):

Figure 21: Three positions triggered in the grid (horizontal orientation).
In this case, the code returns as the operator’s position the average coordinates of the centers of the
three triggered squares.

𝑥=

𝑥𝑖 + 𝑥𝑖+1 + 𝑥𝑖+2
= 𝑥𝑖+1
3

𝑦=

f.

𝑦𝑗 + 𝑦𝑗 +𝑦𝑗
= 𝑦𝑗
3

Operator triggers three squares (vertical orientation – 3x1) (Figure 22):

Figure 22: Three positions triggered in the grid (vertical orientation).
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In this case, the code returns as the operator’s position the average coordinates of the centers of the
three triggered squares.

𝑥=

𝑦=

𝑥𝑖 + 𝑥𝑖 + 𝑥𝑖
= 𝑥𝑖
3

𝑦𝑗 + 𝑦𝑗 +1 +𝑦𝑗 +2
= 𝑦𝑖+1
3

g. Operator triggers six squares (horizontal orientation – 2x3) (Figure 23):

Figure 23: Six positions triggered in the grid (horizontal orientation).
In this case, the code returns as the operator’s position the average coordinates of the centers of the six
triggered squares.

𝑥=

𝑥𝑖 + 𝑥𝑖 + 𝑥𝑖+1 + 𝑥𝑖+1 + 𝑥𝑖+2 + 𝑥𝑖+2
𝑥𝑖 + 𝑥𝑖+1 + 𝑥𝑖+2
=
= 𝑥𝑖+1
6
3

𝑦=

𝑦𝑗 + 𝑦𝑗 + 𝑦𝑗 + 𝑦𝑗 +1 + 𝑦𝑗 +1 + 𝑦𝑗 +1
𝑦𝑗 + 𝑦𝑗 +1
=
6
2

h. Operator triggers six squares (vertical orientation - 2x3) (Figure 24):
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Figure 24: Six positions triggered in the grid (horizontal orientation).
In this case, the code returns as the operator’s position the average coordinates of the centers of the six
triggered squares.

𝑥=

𝑦=

i.

𝑥𝑖 + 𝑥𝑖 + 𝑥𝑖 + 𝑥𝑖+1 + 𝑥𝑖+1 + 𝑥𝑖+1
𝑥𝑖 + 𝑥𝑖+1
=
6
2

𝑦𝑗 + 𝑦𝑗 + 𝑦𝑗 +1 + 𝑦𝑗 +1 + 𝑦𝑗 +2 + 𝑦𝑗 +2
𝑦𝑗 + 𝑦𝑗 +1 + 𝑦𝑗 +2
=
= 𝑦𝑗 +1
6
3

Operator triggers nine squares (3x3) (Figure 25):

Figure 25: Nine positions triggered in the grid.
In this case, the code returns as the operator’s position the average coordinates of the centers of the
nine triggered squares.
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𝑥𝑖 + 𝑥𝑖 + 𝑥𝑖+1 + 𝑥𝑖+1 + 𝑥𝑖+2 + 𝑥𝑖+2
𝑥𝑖 + 𝑥𝑖+1 + 𝑥𝑖+2
=
= 𝑥𝑖+1
6
3

𝑦=

𝑦𝑗 + 𝑦𝑗 + 𝑦𝑗 + 𝑦𝑗 +1 + 𝑦𝑗 +1 + 𝑦𝑗 +1
𝑦𝑗 + 𝑦𝑗 +1
=
6
2

5.2.2.3.4 Operator’s position coordinates provision to ROS
In order to publish the position of the operator in ROS and facilitate the integration of WMM with the
other modules of SHERLOCK, a TCP-IP connection was established. Two more server/client
configurations where developed, to enable the publication of the position of the operator in the
relevant ROS topic. Figure 26 summarizes the approach described above:

Figure 26: Publication of operator position in ROS

5.2.3 SOFITEC Case
As mentioned at Section 5.1.4. the proposed design consists of 4 modules: Detection, tracking,
triangulation and collision checking.
The stereo detection module focuses on detecting people on the image feed provided by the stereo
system (a pair of 2D images). In an application of such importance, detectors require both high
accuracy and low computational cost. For this reason, we have chosen to use a deep learning model
called YOLOv3 [1][2]. This algorithm is designed specifically for fast object recognition in images. In
fact, it is the state-of-the-art in terms of processing speed. Unlike other deep learning methods,
YOLOv3 uses a single CNN for the full image. As a short description, it basically divides the image
into regions (cells) and predicts a bounding box for each region, along with its probabilities of each
region to belong to a given object. Then, out of this map of predicted probabilities, object bounding
boxes are weighted. It only requires one propagation of the image through the neural network to make
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these predictions, making it suitable for real time operations. Also, the use of a CNN makes it more
accurate and less prone to false positives than classic detection algorithms not based on deep learning.
The tracking module is based on an algorithm called Deep SORT (which stands for Simple Online
Real-time Tracking) [3][4]. In the kind of use-case we are dealing with, detection is not enough. We
need to ensure that the system keeps track of the targets so that it can identify and predict possible
operator trajectories. This is particularly important in the case of image occlusions. Even if the vision
sensor cannot perceive clearly where the operator is, the system can still estimate its location based on
the tracked movement. Tracking helps the robot improve the quality of safety decisions. Deep SORT
is a state-of-the-art multi-object tracking algorithm, based on the popular Kalman filter, which tracks
objects based on its position and velocity. In general, tracking algorithms use a distance metric and
label matching algorithm to determine the ID of a detection through time. On top of that, Deep SORT
adds an appearance metric. This is, it uses a feature descriptor of the object, thus taking into account
how it looks like in the image.
The triangulation module computes the transformation from 2D detections to 3D positions of
operators. 3D reconstruction on stereo systems is based on stereopsis (depth perception on binocular
systems, like human vision). A stereo camera is in fact composed by two cameras separated by a
small known distance. Triangulation in such systems consists of calculating mathematically the 3D
coordinates of an object by means of points of such object detected in both images [5]. This point
used to triangulate the operator’s position is the centre of the bounding box. Thus, this is a two-step
process: First, we must math bounding boxes from both left and right image to ensure we are referring
to the same object. Then, we compute the transformation using the centre points of correctly matched
bounding boxes. This method of retrieving 3D position needs accurate camera calibration for the
system to work. It requires the projection matrices of both the left and right camera to do homography
computation.
The collision checking module evaluates the distance from the robot to the operators. This module
transforms the coordinates of detected operators, which are given with respect to the camera, into the
robot’s frame of reference, and check if the robot is close enough to any of them to stop or slow
down.
The first prototype was implemented following the ROS architecture described in Figure 27. The
vision node subscribes to both images broadcasted by the camera drivers. This subscription uses a
filter to synchronize left and right images, by matching their time stamps. Each image is individually
inspected by the detection algorithm to produce a vector of bounding boxes, which is then used to do
tracking. The final output of the vision node is a vector that contains the image coordinates of the
centres of the bounding boxes detected in both left and right images.
These coordinates are taken by the triangulation node, which first runs the Nearest Neighbour
matching algorithm to generate the BB-centre pairs. The selection of this matching technique is based
on the fact that the environment is an industrial plant. On a stereo camera, in which the two image
central points are separated by no more than 20 cm, it is assumed that the same point will appear on
approximately the same area, in both left and right images, thus being NN-based approaches accurate
enough to match stereo detections.
Once BB-centre pairs are defined, the triangulation node uses such pairs, together with the projection
matrices of both cameras, to estimate a 3D position of each operator with respect to the camera
reference frame. Finally, this 3D position is broadcasted into the Tree Frame (TF) cloud of the ROS
network. Since the camera frame is descried with respect to a static frame on the scene, same as th
robot, it is possible to retrieve the distance from operators to the robot by inspecting the TF tree of the
scene.
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Figure 27 Description of the ROS system.

5.2.4 Non-Intrusive Method – Operator Tracking
The set of tasks carried out for this case is split into two main categories, focusing mainly on the
Lower and Upper limb tracking.

5.2.4.1 Lower Limb Tracking
5.2.4.1.1 Estimation of Number of Steps
The Mbientlab MetaMotionR sensor consists of a 3-axis accelerometer (Bosch BMI160) that consists
of an in-built step counter. The provided API enables access to the step counter, which can be used to
count the number of steps taken by the operator. The IMU sensor is placed on the thigh of the
operator using a Velcro Sleeve. The step counter is configured, and the counter is enabled for 30 Sec.
The number of steps from the step counter is read after 1 second.

5.2.4.1.2 Estimation of the motion of direction
The 3-axis accelerometer can be used to determine the direction of motion along an axis. The BMI160
accelerometer has an inbuilt API that allows the determination of the direction of motion. In order to
achieve this, the minimum number of consecutive samples N and the threshold values are set. As soon
as the sensor starts streaming, it waits until the N samples along a direction say x, y or z above the set
threshold are received. For example, let us assume N = 3 and threshold is 0.7g. The accelerometer
starts streaming of data and wait until 3 samples are received that are greater than 0.7g. Once the
conditions are met, the sensor outputs the motion along the axis. Figure 28 shows an example of the
values that may be obtained using the motion detection algorithm. In the figure below, “1” represents
motion in the positive direction and “0” represents the motion in the negative direction.
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Figure 28: results of motion detection.

5.2.4.1.3 Computation of Velocity and Displacement
The velocity and displacement are calculated based on the information streaming from the
accelerometer. The IMU sensor provides three-dimensional accelerometer data A= [ax, ay, az]. There
are three coordinate systems: the hand frame, the sensor frame and the earth frame. As the sensor is
attached to the hand firmly, it is assumed that there is no slip between the hand and sensor frames and
hence there is no relative movement between the sensor and the hand. Thus, the sensor frame and the
hand frame are treated as the same. Next, the sensor frame must be transferred to the earth frame and
the effect of gravitational components must be removed.
The accelerometer gives information about acceleration, velocity, and position. Ideally, the position
can be calculated by applying the double integration formula to the acceleration signal captured from
the sensor after removing the gravity component. First integration is applied to obtain velocity. This
velocity vector is then integrated for a second time to obtain the distance. These equations are
applicable for continuous sets of data. However, the real-time computation of velocity and
displacement is a quite complicated process. In particular, the velocity vector is then checked for
linear trends. Linear trends are removed using detrending functions in python by computing the leastsquares fit of a straight line to the data and subtracting the resulting values from the data, as shown in
Figure 29.

Figure 29: Flowchart of the Integration process to calculate velocity and displacement [13].
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In the experiment shown in Figure 30, Figure 31 and Figure 32, the IMU sensor was moved across a
fixed distance of 1.40 m. After the IMU streams the accelerometer values, which are then processed
the experimental displacement values are obtained. According to this, the displacement was calculated
to be equal to 1.37 m. Therefore the actual and the experimental values are 1.40 m and 1.37 m
respectively, with an approximate error of 2%.

Figure 30: Velocity vs Detrended Velocity m/s.

Figure 31: The magnitude of Acceleration vs Filtered Magnitude.
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Figure 32: Displacement. Y=1.37m

5.2.4.2 Upper Limb Tracking.
The upper limb of the operator is more exposed to the collaborative workspace of the robot.
Therefore, the tracking of the upper limb of the operator is crucial.
Firstly, the Kinect sensor is used to calculate anthropometric information pertaining to the upper
body. This information mainly concern the lengths of the right and left arm.
5.2.4.2.1 Measurement of Arm length
Firstly, the body tracking algorithm is launched for tracking all upper body points. Figure 33a shows
the upper body joints of the operator.

Figure 33: (a) Skeletal representation of joints available that can be accessed using Body
Tracking via Kinect Azure Sensor. (b) Start position of Human operator.
Secondly, the operator is required to raise the right hand. Once the right hand is raised, the distance
from the shoulder to elbow and the distance from the elbow to the tip is measured, as shown in Figure
34.
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Figure 34 (a) Start position to measure the length of the right arm. (b) Result of the right arm
measurement (in cm).
Then the length of the left arm is measured. The operator is required to raise the left hand to measure
the distance from the shoulder to the elbow and the distance from the elbow to the tip, as shown in
Figure 35.

Figure 35: (a) Start position to measure the length of the left arm. (b) Result of the left arm
measurement (in cm).
In the experiments above, the actual length of the right and the left arm measured is approx. equal to
73 cm. The measured length of the arm using the Kinect body tracking sensor is 71 cm and 68 cm
respectively.
The next step is to combine the data obtained from the vision system and IMU to get the position of
the operator's arm. Currently, the body tracking algorithm is developed using C++ while the IMU
application is developed using Python.
5.2.4.2.2 Position Estimation
In order to obtain the joint position of the operator, quaternions are streamed from the IMU sensors.
Firstly, one sensor is attached to the wrist of the operator using a wrist band. The quaternion data is
then used to analyse the motion carried out by the human operator. For trial purposes, the operator
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tries to flex the arm [13]. The flexing of the arm is represented in a 2D space. Figure 36a shows the
initial position of the arm, while Figure 37a shows the final position of the arm. The position of the
arm captured using the developed methodology and described above is shown in Figure 36a and
Figure 37a.

Figure 36: (a) Graphical Illustration of the start position before flexing of the arm. (b) 2D
representation of the start position before flexing of the arm.

Figure 37: (a) Graphical Illustration of the final position. (b) 2D representation of the end
position after flexing the arm.
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SHOPFLOOR DIGITAL REPRESENTATION AND DYNAMIC STATUS UPDATE

6.1 Approach and Architecture
The Shopfloor Digital Representation (SDR) constitutes an exact representation of the real-world
workstation existing in a digital form. The main aim of SDR is: i) The execution of offline
simulations where the execution of several processes is tested and evaluated. ii) Online real time
update of the simulation where feedback from sensors and position of robots and humans is given as
input data to the simulation. In this case the reactions of the robot and the operator could be monitored
and predicted, in order to enhance the safety factor of the workstation.
To enable the digital representation of the production workstation, and furthermore enhance the static
layout with the real time feedback coming from the resources and distributed sensors network
installed around the shopfloor, three main functionalities need to be applied.
• Virtual representation of the real environment: By making use of a simulation environment
software, the CAD models will be imported and structured in the same way as the real layout
of the workstation. The digital workstation will be rendered in the 3D simulation environment
allowing the examination of the workstation design, and testing of modules in a digital and
foolproof environment
• Digital manipulation of robot: Algorithms will be developed to simulate robot motion during
the process. In further extent the SDR will be gathering data from the physical robot and
update the digital model real time.
•

Digital representation of tasks: The various tasks/actions will be simulated in the SDR.

The SDR model core structure is illustrated below in Figure 38. The Dynamic, Sensing and
Environment Layers facilitate the proper initialization of their components as well as feeding
constantly the Digital Shopfloor Fabricator with structured data dynamically during simulation,
resulting in a simulator environment highly reliable and comparable with the real workstation.

Figure 38: SDR layer architecture
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6.1.1 Dynamic Layer
The Dynamic Layer is responsible for the proper configuration of the robot in the digital world. This
layer is responsible for initialization and constant state update of all the programmed motion in the
simulation. The current prototype of Dynamic Layer has been adapted to the OTIS and VDL cases in
order to represent accurately its resources which are described as follows:
•
•
•
•

Robot 3D model and kinematic description (URDF file)
Various gripper models and gripper kinematic descriptions
Mannequins representing the operators performing their tasks
Other motion elements that exist in the workshop e.g. linear rail portal, matrix fixtures, etc.

The Dynamic Layer introduces the characteristics of the elements containing motion to the SDR
model. That includes the physical geometry, joints between its individual links etc. Furthermore,
Dynamic Layer describes attributes like limitations of joints’ speed, joints’ tolerable angle limits,
mass, collision geometries. Finally, Dynamic Layer is responsible for drivers of the joints’ motions
and for producing useful information to the 3D environment constructor about the current state of its
joint and end effector.
Figure 39 illustrates the structure concept of the Dynamic Layer for the implementation of the robot to
the simulation world, consisting of its URDF file and the essential drivers which are eventually load
to the launch files resulting in the introduction of the robot to the SDR world.

Figure 39: Structure of resources in Dynamic Layer
Figure 40 illustrates the representation of Racer5 robot in CATIA 3D design tool and Gazebo
simulator.

Figure 40: RACER robot: 1) CAD 2) Gazebo
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6.1.2 Sensing Layer
For the SDR to be able to retrieve data from the sensors placed in the physical workplace and update
in real time the digital representation model, a dedicated controller has to be implemented. The
Sensing Layer is responsible for the proper configuration of the sensors used. A core structure like the
one of the Dynamic Layer is used for the implementation of their drivers to be included to the digital
representation model. The sensors used in the first prototype are described in the upcoming subsections.

6.1.3 Environment Layer
Following the same principles with the Dynamic and Sensing Layer, the Environment Layer is
responsible for the configuration of the static parts that have to be imported in the virtual
environment. In Figure 41, examples of auxiliary resources designed for the OTIS case is provided.
Photos on the left show the representation of the resources in CATIA while the photos on the right
show the representation of the resources in Gazebo simulation environment.

Figure 41: Shopfloor components representation comparison
The procedure for the correct representation of the layout parts starts from the CATIA 3D models.
With that as an input the correct placement of the parts in the Virtual Environment is accomplished.
Afterwards, the necessary SDF file should be generated for every layout component, which describes
not only its geometry and its position in the Virtual Environment but also physical parameters
necessary for a reliable simulation like mass, inertial and collision geometry.

6.1.4 Digital Shopfloor Fabricator
The Digital Shopfloor Fabricator is the final vital component for the creation of the SDR model. The
Digital Shopfloor Fabricator receives as input the appropriate positioning information for all the parts
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of the workspace from the Dynamic, Sensing and Environment Manager and places them in a welldefined digital twin world. However, because the environment changes dynamically through time, the
Digital Shopfloor Fabricator is equipped with a ROS based interface in order to update continuously
the state of its components. This not only includes the position of the robot and/or human models
during time but also collision information among its components.

6.2 Implementation
6.2.1 Software utilized
The following programs and operating systems were used to implement the first prototype of the SDR
module.
•
•
•
•
•

CATIA V5
SOLIDWORKS
BLENDER
UBUNTU
ROS

6.2.2 Dynamic Layer implementation
Gazebo offers the ability to accurately and efficiently simulate populations of robots in complex
indoor and outdoor environments. In order to import the robot model and kinematics into the Gazebo
some specific steps had to be followed. Firstly, the robot files were provided by the manufacturer in
cad format, these files were imported into a suitable program (SOLIDWORKS), in which the robot
was separated into links and joints and then the URDF and STL files were generated. These two types
of files are conducive to describing the complete geometry of the robot. The 3D models of the robot
had to be exported in STL format to match the format that Gazebo supports.
In this first prototype the robot kinematics will be handled from MoveIt motion planning framework6.
For configuring the robots to be compatible with MoveIt, MoveIt wizard was used. MoveIt wizard is a
configurator existing in the motion planning framework. It receives as input the URDF file of the
robot and a set of other parameters of the robot. After completing all the requirements that describe
the robot in the MoveIt wizard, a MoveIt configuration file is exported. With the use of this file the
simulated robot can now be manipulated from MoveIt functions. MoveIt motion planning framework
can be applied not only on robots but at every component inside Gazebo that requires motion. For this
reason, the Dynamic Layer was configured to be able to coop with MoveIt framework, by corelating
the 3D models of moving resources with their corresponding MoveIt configuration folder.
After configuring all the required resources, the Dynamic Layer architecture had to be developed.
Dynamic Layer consist from a set of launch file that connects all the separate components that the
robot consists of and generate the simulated robot inside Gazebo environment.
The procedure followed and described above is summarized in Figure 42.

6

Movit motion planning framework, https://moveit.ros.org/, last accessed on 31/3/2020
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Figure 42: Importing of a robot to SDR procedure

6.2.3 Sensing Layer implementation
The integration of SDR with the sensors existing in the physical workplace and the collection of the
data captured from them, is handled from the Sensing Layer. To transfer the data from the sensors and
provide them to Gazebo simulation, Sensing Layer will make use of a pipeline established from ROS
topics. ROS topics are ideal for the transition of continuous data streams that the sensors usually
provide. The overall architecture of the Sensing Layer is not yet completely defined as not all the
sensors have been installed at the workplaces. Thus, the current architecture and tool may change with
the addition of new sensor equipment.
The current architecture is based on the integration of the first prototype of the WMM developed for
the OTIS case. As described at the relevant section of the document, a 3D camera is installed a the
ceiling of the OTIS case cell, which captures the position of the operator in the workplace. Because of
the format of the data that the WMM provides, a middleware server was developed to handle the data
from the WMM to ROS. The middleware was developed using NodeJS and its main purpose was to
retrieve the data from WMM and feed them to a ROS bridge server. ROS bridge is the way of ROS
communicating with applications that exist outside Linux and ROS environment. The position of the
operator that the WMM captures is retrieved from Gazebo from a specific ROS topic configured for
this type of data. It is important to mention that every sensor equipment will provide its data through a
different topic. This will create the Sensor Manager pipeline. This pipeline along with the NodeJS
server consist the Sensing Layer.
Figure 43 summarizes the integration of WMM prototype with the SDR prorotype.

Figure 43: Integration of WMM with SDR
-41-

SHERLOCK

820689

6.2.4 Environment Layer implementation
The development of the Environment Layer, that handles all the components that the virtual
workplace consists of, took place during the design of the virtual workplaces. Its purpose is to
organize all the components in place. Both cell for OTIS and VDL cases were originally designed and
in Catia. Afterward, with the use of Blender all the components were optimized and exported in STL
file format. The STL files were used to create the SDF files, which is an acronym for Standard
Database Format. These files normally contain standard database files that store data in a structured
file format. In this case SDF file describes the parts visual aspects the SDF file defines the collisions,
the inertia, and the mass parameters.
Figure 44 summarizes the procedure followed and described above.

Figure 44: Import shopfloor components to SDR
All these parameters are required from the physics engine of Gazebo simulator. The files are
configured to follow a specific structure described in the Figure 45. This structure of the SDF files
consist the Environment Layer that packs up all the components of the virtual workplace layout and
handle them to create the final design of the cell.

Figure 45: Object model files structures
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6.2.5 Digital Shopfloor Fabricator implementation
The Digital Shopfloor Fabricator is the component that packs up all the individual process managers
described above and includes them in a final launch file that will generate the simulation. The Digital
Shopfloor Fabricator is a well-defined hierarchy of folders and launch files that enable a fast
reconfiguration of the different components that exist in the simulation. This well-structured hierarchy
will allow in the future to add new components and data from additional sensors and devices.

6.2.6 OTIS Shopfloor Digital Representation
This section describes the main development steps that were taken to implement the first SDR
prototype for the OTIS use case. In particular, input required for OTIS case can be divided into two
categories: 1) The configuration of the AURA robot in the Dynamic Layer 2) The CAD files of the
environment configured at the Environment Layer.
After all the configurations were done, the simulation environment was implemented at Gazebo. After
that, the simulation of the procedure that the robot is going to execute needed to be developed. The
simulation of the process was compiled in a C++ archive, in which the controllers and the robot’s
initial state is plotted as data, as well as the specific points to go. Via RVIZ, which is a powerful 3D
visualization tool for ROS and it allows the user to view the simulated robot model, the robot can
move to points of interest obtained, which are then they are stored in the C++ file. That way the whole
path that the robot must follow to complete the tasks is built.
As mentioned in the previous section, the SDR of the OTIS case was integrated with the WMM 3D
camera that track the position of the operator in the physical shopfloor. Through the Sensing Layer the
data from the camera are applied to the virtual mannequin existing in the SDR. The mannequin’s
position is updated real time with the corresponding position of the operator that exists in the
workplace.
Figure 46 shows the first prototype of SDR developed for the OTIS use case.

Figure 46: Simulation of the process in Gazebo environment
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6.2.7 VDL Shopfloor Digital Representation
The Gazebo simulation for the VDL case was developed in a similar way as the one of the OTIS case.
By making use of the Dynamic Layer the Racer robot model and kinematics were imported, and the
Environment Layer composed the overall layout. In a similar way through, using a C++ script the
robot was programmed to perform the riveting task. A human operator mannequin had also been
imported.
Figure 47 shows the first prototype of SDR developed for the VDL use case.

Figure 47: VDL Gazebo simulation environment

6.2.8 Integration of SDR with OSM
One of the main purposes of SDR is to support other modules during their development process, by
providing a reliable testbed. As a result, the development of OSM of T3.2 was partially integrated
with SDR prototypes for both VDL and OTIS use cases in order to develop the indirect robot
manipulation interfaces (D3.2). The operator, using OSM, can command a new position for the end
effector of the robot. Then, the MoveIt framework plans the robot path in order to achieve the
commanded end effector position, avoiding collisions with the various resources and obstacles of the
digital world. OSM receives feedback about the trajectory planned path and provides relevant
visualization to the operator.
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CONCLUSIONS AND FUTURE WORK

7.1 Workspace Monitoring Module
OTIS case
In this document, the steps towards the design and implementation of a first prototype of the WMM
module applied to the OTIS case was described. A safety certified 3D camera system was used in
order to define the safety zones in the workspace area protecting the operator from the robot’s
operations. Also, the same certified 3D camera was utilized in order to track the exact position of the
human operator inside the workspace, in a fail safe way.
Future steps that are already define, among others, include the following actions:
➢ Prediction of operator’s intention – prediction of intended trajectory (M36)
➢ Enhancement the tracking accuracy by integration of the non-intrusive tracking methodology
described in this document, that utilizes IMUs installed at the joints of the operator (M36)
➢ Integration of WMM with OSAM module (M24)
➢ Upgrade of the 3D camera analysis unit h/w in order to improve the tracking accuracy as well
as increase the tracking coverage (M36)
VDL case
In this document, the design of the WMM module applied to the VDL case was described.
Next steps will involve:
➢ Acquisition of the necessary pressure sensitive mats + necessary controller (M24)
➢ Prediction of operator’s intention – prediction of intended trajectory (M36)
➢ Enhancement the tracking accuracy by integration of the non-intrusive tracking methodology
described in this document, that utilizes IMUs installed at the joints of the operator (M36)
➢ Integration of WMM with OSAM module (M36)
SOFITEC case
Regarding the use-case of SOFITEC, the efforts up until now have been focused in building of a
compact system that can perform all the task blocks described in section 5.2.3, which has been
accomplished. However, the proposed solution still has some points in which further work is needed
to improve overall performance to a real-world application level. The first of such points is the speed
of the system. As it is now, it runs at an approximate rate 7 FPS. The objective is achieving a stable
rate between 10-13 FPS. Another of these points which is under review for improvement is the
robustness of stereo detection matching algorithm, to reduce triangulation errors. Summarizing, some
of the identified actions for the next period are:
➢ Improvement of the overall speed (M36)
➢ Improvement of robustness of the solution (M36)
➢ Integration of WMM with SDR (M24)

7.2 Shopfloor Digital Representation
In this document, the steps towards the design and implementation of a first prototype of the SDR
module applied to the OTIS and VDL use cases case was described. Moreover, its integration with the
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WMM and OSM modules was also described. Some of the next steps towards the second prototype of
the SDR module are summarized below:
➢ Integration of SDR with the Task and Action Planning Module (TAPS) to allow offline
evaluation of the generated by TAPS task and action assignments (M36)
➢ Integration of SDR with the High Payload Collaborative Manipulator (HPCM), Low Payload
Collaborative Manipulator (LPCM) and Mobile Dual Arm Manipulator (MDAM) in order to
plan and command their path/trajectory (M24)
➢ Integration of SDR with the Process Perception Module (PPM) to update in real time the status
of tasks being executed (M24)
➢ Development of the digital representation environment for the SOFITEC case (M36)
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GLOSSARY
AR
OSM
HRI
HRC
ROS
EED
MDAM
CAD
SDR
URDF
JSON
API
WMM
OSAM
PPM
TAPS
HPCM
LPCM

Augmented reality
Operator support module
Human Robot Interaction
Human Robot Collaboration/Collaborative
Robot Operating System
Enhanced Exoskeleton Device
Mobile Dual Arm Manipulator
Computer-aided design
Shop floor Digital Representation
Universal Robotic Description Format
JavaScript Object Notation
Application Programming Interface
Workspace Monitoring Module
Online Safety Assessment Module
Process Perception Module
Task and Action Planning Software
High Payload Collaborative Manipulator
Low Payload Collaborative Manipulator
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