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Chapter 1

Time to Contact for Robot Safety Stop in Close
Collaborative Tasks

Alberto Olivares-Alarcos’, Sergi Foix! and Guillem Alenyc‘ﬂ

Within the next years, industrial collaborative robots will collaborate with human op-
erators, whose safety might be compromised. To ensure a safe collaboration, robots
should estimate the risk of collision with respect to the pose and motion of operators
within the shared workspace. A common approach is to compute and maintain a
minimum distance between humans and robots during tasks’ execution. Neverthe-
less, separation-based solutions do not capture the real dynamics of the human-robot
interaction, and tend to be rather conservative, avoiding a close human-robot col-
laboration. In this chapter, we explore the concept of time-to-contact (TTC) as a
softer trigger of safety stops in collaborative scenarios where humans and robots are
in constant closeness. Particularly, we propose a TTC formulation and study its ad-
vantages with respect to two approaches based on the protective distance proposed
by the ISO standards. We compared the three methods in some representative cases
extracted from an example of collaborative task. The evaluation is firstly done in
simulation, and then, in a more realistic setup with a simulated human, aiming for
repeatability, and a real robot. Furthermore, we showcased our approach in a demo
of a complete collaborative task. TTC allows robots to operate closer to humans and
for longer times before a safety stop is issued, which benefits long-term productivity.
This later stop produces shorter human-robot distances, which might affect safety.
However, the increment in time that the robot moves before stopping (productivity)
is far greater than the reduction in distance (safety). Hence, we can state that TTC
greatly improves productivity while slightly compromising safety. In conclusion,
our work demonstrates that TTC is a smoother, but still safe, collision risk estimator
for close human-robot collaboration.

1.1 INTRODUCTION

Over the last years, there has been a growing need in the industrial sector for more
flexible manufacturing processes where humans and robots are expected to work to-
gether. Nevertheless, freeing robots from their restrictive current work cells would

nstitut de Robotica i Informatica Industrial, CSIC-UPC, Llorens i Artigas 4-6, 08028 Barcelona, Spain;
{aolivares, sfoix,galenya}@iri.upc.edu

nicture(O OY(-42 X1 O)30 (O -42)(0 1)30 picture nicture(O )42 O)(-1 O30 (O -42)(0 130 nicture



picture(0,0)(-42,0)(1,0)30 (0,42)(0,-1)30 picture picture(0,0)(42,0)(-1,0)30 (0,42)(0,-1)30 picture

2 Human-Robot Collaboration: Unlocking the potential for industrial applications

compromise humans’ safety. Collaborative robots, or co-bots, are robots specif-
ically designed for direct interaction with humans within a defined collaborative
workspace. Collaborative robots shall, among others, be able to perceive human
operators’ pose and motion, estimate possible risks, and adapt their behavior to en-
sure humans’ safety and a reliable and productive collaboration.

In 2011, the International Organization for Standardization released the ISO
10218.1 and the I1SO 10218.2 [2]], which presented safety guidelines for indus-
trial robots. In 2016, the ISO/TS 15066 [3]] extended the previous standards pro-
viding specific guidance for safety in collaborative robotics, where a formulation to
compute the minimum protective distance was proposed. One of the main limitations
of this formulation is that the real direction of motion of the robot and the human is
not taken into account. Hence, it results in an over-conservative risk estimator, and
prevents a proper collaboration in applications where humans and robots constantly
and closely share the workspace. Indeed, there is not a standard way to address this
issue yet, and the actual implementation of the formula is still greatly left to the
discretion of the integrator [4]].

Inspired by the aforementioned ISO standards, several works about safety in
collaboration have been published during the last years [} 6] [7, [8]. Indeed, some
of them discussed and aimed to overcome different ISO’s formulation drawbacks [9]
[T0]. However, there is still room for improvement, especially in collaborative tasks
in which the human-robot closeness is regular (such as the one in Fig. [I.I). Hence,
our aim is to explore an alternative to the ISO’s formulation well adapted to intensive
human-robot collaboration.

Figure 1.1: Collaboratively filling a tray: example of an industrial task where the
human and the robot continuously share both the workspace and the execution of the
task (pick and place).
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Time to Contact for Robot Safety Stop in Close Collaborative Tasks 3

In this chapter, we explore the concept of time-to-contact (TTC) [[L1]] as an in-
dicator of the likelihood of the risk of collision during close human-robot collabo-
rations. We show how TTC can be computed and used to stop the robot to avoid
collisions while closely sharing the execution of a task with the human. Unlike most
of the approaches within the literature, TTC naturally captures the dynamics of the
human-robot interaction, considering the actual pose, speed, and direction of both
agents. This makes TTC a more precise risk indicator, delaying safety stops and
allowing the robot to operate for longer times before stopping. The contributions of
this work are:

* an extension of a two-dimensional formulation to compute TTC in a three-
dimensional space;

e an algorithm to stop the robot’s motion based on the computed TTC;

e a twofold evaluation, first, in simulation, and second, using a real robot and
a simulated human (aiming for repeatability). In both, using prototypical mo-
tions to validate the improvement of our approach in delaying the safety stop
compared to two [SO-based methods;

* and a qualitative validation through the implementation of our approach in a real
use case: a complete collaborative task in which a human and a robot, closely
interacting, filled a tray with tokens.

1.2 RELATED WORK

The ISO standards for safety in collaborative robotics [1} 12, 3], proposed to use the
Speed and Separation Monitoring (SSM) approach, maintaining a robot’s speed and
a minimum distance between the robot and the human. SSM has been extensively
applied in the collaborative robotics domain, and it is utterly aligned to the scope
of this work. In some works, the robot’s speed is adapted to the distance using dis-
crete regions of the space [3, 16} [7]. Aiming to enhance the collaboration’s fluency,
several authors proposed to continuously adapt the robot’s speed w.r.t. the current
human-robot distance, but still without considering the human’s and robot’s motion
direction [[12, |8, [13| [14]. Looking for a further improvement, more complex for-
mulations to compute the human-robot distance considered the human’s and/or the
robot’s motion direction [9, [15, [10]. In all those articles, as in our approach, the
robot’s behavior is adapted based on the estimation of a possible risk of collision
with a human. The estimation is based on the distance between the human and the
robot, and the robot adapted its speed. In our work, we propose to simplify the for-
mulation using the time-to-contact concept, as it naturally embeds the directions and
velocities of the two agents.

Time-to-contact has been widely used in the literature for automotive collision
estimation, warning, and avoidance [16, 17, 18, [19]. Authors proposed different
approaches: vehicle to vehicle and vehicle to driver warning, obstacle avoidance,
autonomous emergency braking system, etc. In those works, TTC was computed in
a two-dimensional space, since cars move in a plane. In this work, we explored how
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4 Human-Robot Collaboration: Unlocking the potential for industrial applications

the ideas discussed in those articles might be extrapolated to collaborative industrial
scenarios, where humans and robots move in a three-dimensional space.

We have opted for stopping the robot, because that is the most compliant strategy
with the regulations of industrial environments (e.g., ISO). However, TTC has also
been used to control other robot’s reactions such as adapting the speed or modifying
the robot’s motion plan for different applications: robot docking and landing [20,
21]], UAS maneuvers [22], and obstacle avoidance and target chasing [23]. Those
works presented interesting approaches showing the potential use of TTC in different
applications, which might be considered as ideas for our future work.

1.3 TIME-TO-CONTACT-BASED SAFETY STOP FOR
CLOSE HUMAN-ROBOT COLLABORATION IN
INDUSTRIAL TASKS

1.3.1 Background

TTC is a biologically inspired measure typically used for obstacle detection and
reactive control of motion. It can be defined as the time that an observer will take
to make contact with a surface assuming constant relative velocity. Hence, TTC is
usually expressed in terms of the speed and the distance of the considered obstacle:

Z
tte=—_, (L.
dt

where Z is the distance between the observer and the obstacle, and dZ/dt is the
velocity of the observer with respect to the obstacle. It is possible to compute TTC
from a pure computer vision perspective, by just detecting the deformation of objects
in consecutive RGB images without calibration [24} 25 26]. These methods are very
sensitive to error detection, so we will compute TTC utilizing the actual observer’s
and obstacle’s poses and velocities as we have access to these measurements. In our
work, the observer is the end effector of a robot and the obstacle is the hand of a
human.

1.3.2  Time-to-contact computation

Inspired by Hou et al. [27] and their TTC formulation for 2D collisions between
circles, we propose here a 3D variation of their formula. Hence, the robot’s end
effector and the human’s hand are considered as spheres, and we compute the TTC
as the time that it would take the two spheres to collide. Determining when two
spheres collide is a matter of determining the moment at which the distance between
their centers is equal to the sum of their radii.

Let 7/ = (', ry, 1) and H = (I, hy, ) denote the positions of the robot and the
human respectively at the moment of contact. Hence, the distance between them is

d=||(r,r,,r) — (K, ki, 1)l (1.2)

x'yrlz X Py Tz
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Time to Contact for Robot Safety Stop in Close Collaborative Tasks 5

Knowing that when in contact the distance is equal to the sum of their radii and
expanding Eq.[T.2] we get

rad, + rady, = \ | (rl = I)2 + () = H)2 + (. — )2, (1.3)

where rad, and rad), are the radii of the spheres representing the robot and the human
respectively.

Assuming that the human and the robot are not currently colliding and that both
move with constant linear velocity, we can rewrite their positions at the moment of
contact based on their current position and velocity:

=T+Vttc (1.4)

it
I = h+vyttc, (1.5)
where 7 = (ry, ry,r;) and b= (hy, hy, h;) denote the current positions of the robot and
the human, v = (v, vy, Vr.) and vy = (v, Vs, Vi) their current Cartesian velocity
respectively, and tzc is the corresponding time-to-contact. Substituting Egs. [T.4]and
[[.3]in Eq.[I.3] we obtain a quadratic equation where, if real positive roots exist, the
smallest value is the pursued TTC.

1.3.3 TTC-based safety stop algorithm

Given a TTC between the human and the robot, we can use it so that the robot adapts
its current state to avoid possible collisions. In this work, we propose to follow one of
the strategies proposed in the ISO 10218.1 [1]], issuing a safety-rated monitored stop.
Hence, the robot would continue its motion until a certain TTC threshold is violated,
from now on, time-to-stop (ztstop). In Alg. [T} we show the decision-making process
to compute TTC and stop the robot given that TTC value. If the value of TTC is equal
or smaller than ttstop, the robot will stop its motion and a safety-rated monitored stop
will be issued (see line 6 in Alg.[I). When the value of TTC is greater than rtstop, the
robot will continue its motion at the task’s nominal speed (see line 9 in Alg.[T). We
decided that once a safety stop was issued, the robot would remain stopped and we
would exit the TTC-based safety stop loop (see line 2 in Alg.[T). Since our focus is on
very close human-robot applications, the robot would only resume the motion after a
human’s command. We think that this recovery strategy is the most appropriate one
for industrial scenarios similar to our case.

1.4 STATE-OF-THE-ART APPROACHES: ISO AND FUZZY
ISO

In order to evaluate our proposal, we compared it against two methods to trigger a
safety stop based on computing the minimum protective distance. First, we used the
linear version of the formulation defined in ISO/TS 15066 [3]:

§= (VhTr'f'VhTs)+(VrTr+VsTs)+(C+Zr+Zs)a (1.6)
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6  Human-Robot Collaboration: Unlocking the potential for industrial applications

Algorithm 1: decision-making loop to compute TTC, stop the robot and
select the robot’s speed

Input: Time-to-stop (¢zstop), nominal robot’s speed (V,,), robot and human
radii (rad,, rady)
1 safety_stop < false
2 while not(safety_stop) do

3 info, < GetRobotPoseVelocity()
4 infoy < GetHumanPoseVelocity()
5 ttc < ComputeTTC(info,, infoy, rad,, rady)
6 if ttc < ttstop then
7 V.0
8 safety_stop < true
9 else
10 | ViV,
11 end
12 Publish computed robot’s desired speed V.
13 end

where S is the protective distance, v, is the ‘directed speed’ of the operator (i.e., the
rate of travel of the operator toward the robot), v, is the directed speed of the robot
in the direction of the operator, and v, is the directed speed of the robot in the course
of stopping. 7, is the time for the robot system to respond to the operator’s presence,
while Tj is the time to bring the robot to a safe, controlled stop. The remaining terms
capture measurement uncertainty, where C is an intrusion distance safety margin
based on the expected human reach, Z, is the robot position uncertainty, and Z; is
the operator position (sensor) uncertainty. There is not a standard way to measure
the human’s and the robot’s speeds, nor to compute the times. Indeed, setting the
values of the uncertainty constants might also be challenging [4]. Since a discussion
of the proper values to choose is out of the scope of this chapter, we will use a
simplified version of the formula. First, we will assume that the speed of the robot
while stopping, vy, is equal to the motion speed, v,. Finally, we will obviate the effect
of the uncertainty constants because they would affect all the methods compared in
this work. The simplified equation is:

S= (vh—i—v,)Tb, (1.7)

where Tj, is the sum of 7, and Ty, thus the total time to brake, including the time to re-
spond to the human’s presence and to stop the robot. During the different evaluations,
we decided that the value used for 7}, was also used to set the time-to-stop (¢stop).
Hence, we established a correlation between our method (see Alg.|I)) and the ones
presented in this section. Actually, it makes sense to use the total time to brake as
the minimum TTC used to stop (ttstop). It would ensure that the robot would stop
right before contacting the human, just as the minimum protective distance would.
The second state-of-the-art method used for the evaluations, Fuzzy ISO, was
proposed by Campomaggiore et al. [10]. They presented a fuzzy-logic system to
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Time to Contact for Robot Safety Stop in Close Collaborative Tasks 7

merge the protective distance formulation with information of the current human’s
and robot’s motion direction. The fuzzy rules are used to scale the effect of the
human’s and the robot’s velocities: e.g. when they are going away in opposite di-
rections their method allows them to relax the ISO’s formula. The resulting formula
would be the Eq. multiplied by the output of the fuzzy-logic system o € (0,1):

S= (X(Vh-i-vr)Tb. (1.8)

Using the aforementioned two equations, we compute the minimum protective
distance (S). When the Euclidean 3D distance between the spheres representing the
human and the robot is smaller or equal to S the robot stops, similarly to our proposal

(Alg.[T).

1.5 VALIDATION OF TIME-TO-CONTACT FOR ROBOT
SAFETY STOP IN CLOSE COLLABORATIVE TASKS

We aimed at being able to evaluate all the pros and cons between the different safety
stop methods. Hence, we found necessary to create the taxonomy of all possible
situations in tasks such as ours (Fig. [I.I). After a comprehensive study, we sum-
marized all possible robot-human collaborative dynamic states in just 7 prototypi-
cal cases (see Fig. . For the evaluation, we were only interested in the cases
that would cause a safety stop. Hence, the cases in which a collision might occur
(Figs.[T.2al [T.2c] and[T.2€). From now on, we will refer to them as cases: A, C, and
E respectively. It is important to remark that we do not need to evaluate the rest of
situations, neither the complete task execution. The reason is that there will be no
change of behaviour among methodologies.

1.5.1 Evaluation I - Simulation and statistical analysis of the
results’ significance

First, we evaluated in simulation the performance of our approach against the two
methods presented in Sec. (ISO and Fuzzy ISO). We used the already mentioned
most interesting cases from the taxonomy: A, C, and E.

For each case, we simulated two spheres that moved close to each other. They
represented the end effector of a robot and the hand of a human, from now on just
robot and human. Once the safety stop was triggered, we finished the simulation.
The first hypothesis is that the proposed approach would allow the robot to move
during more time before issuing a safety stop. The second hypothesis is that our
approach would let the robot to get closer to the human but would still be safe,
issuing a safety stop before any possible collision.

In order to validate our hypotheses, we evaluated the approaches for several hu-
man speeds in each of the three selected situations. Other parameters such as the
human’s and robot’s initial position or the robot’s nominal speed, would affect the
triggering of the safety stop. However, we focused on the human’s velocity param-
eter for two reasons. First, it has a direct effect on the dynamics of the interaction,
playing a fundamental role in our hypotheses. Secondly, since it is a parameter we
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(a) (b) (© (d)

©) (H (€9)

Figure 1.2: 2D symbolic representation of the prototypical human-robot collabora-
tive situations. The module of the vector represents the robot’s (R) and human’s (H)
velocity’s magnitude (v, and vy). (a) Both agents approaching with probable con-
tact. (b) Both agents approaching without probable contact. (c) Robot following the
human with probable contact (the robot moves faster than the human). (d) Robot
following the human without probable contact. (¢) Human following the robot with
probable contact (the human moves faster). (f) Human following the robot without
probable contact. (g) Both agents getting away. Of all seven cases only three can
trigger a safety stop due to a potential contact: (a), (c), and (e).

could not control in real scenarios, we wanted to see how the three approaches re-
acted when it changed. Note that the human and the robot moved in one axis. We
randomly generated 1000 different human’s velocities uniformly distributed within
an interval of interest for each case. We also added at each simulation timestamp,
different white Gaussian noise to the three axes of each of the velocities.

The power of the noise for all the three axes motion was -20 dBW. The noise
allowed us to simulate a realistic human motion, not just a straight line movement,
as it can be seen in Fig. @ The simulation time (10s) was selected to match the
robot’s speed (0.2m/s) and the maximum reach (1m) of the robot used in this work,
Kinova Gen3. The frequency was 100Hz, and the rzstop (see line 6 in Alg.[I) and
the 7}, (see Eq.[I.7) were both set to 0.5s. The radii of the spheres representing the
human and the robot were fixed to 0.05m. The robot’s nominal speed was 0.2m/s.
The initial distance between the robot and the human was 0.9m, for case A, and 0.4m
for cases C and E. The intervals for the randomly generated human’s speeds for the
cases A, C and E were: [0.3,0.6], [0.0,0.15], and [0.3,0.6], respectively. Recall that
the motion was mainly in one axis, although we added noise to it. Each case’s main
direction is depicted in Fig.

Before a safety stop was issued, we evaluated the time the robot was moving,
and the final Euclidean distance between the human and the robot. The time before
stopping allowed us to validate whether our method delayed the safety stop or not.
We reported the distance to show that our method allows the robot to get closer while
still being safe (no collision).
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e in axis Z (m)

Figure 1.3: Example of the human pose evolution for a single simulated noisy mo-
tion. (a) and (b) show the evolution of the human pose along the planes XY and
XZ, respectively. Note that we simulated a noisy human velocity at each simulation
timestamp aiming for a realistic human motion, therefore, the pose evolution did not
follow a straight trajectory.

1.5.1.1 Evaluation I - First hypothesis: the robot moves more time

We conducted a statistical analysis to evaluate the significance of the proposed ap-
proach’s improvement in delaying the safety stop w.r.t. the ISO and the Fuzzy ISO
methods. We measured the time the robot moved before the safety stop was issued.
Fig. [T4] shows the distributions of measured time for each case and evaluated ap-
proach.

Case A - Both approaching . Case C - Robot chasing . Case E - Human chasing

Time before safety stop (s)
Time before safety stop (s)
Time before safety stop (s)

(a) (b) (©

Figure 1.4: Distributions of the time the robot moved (a, b, ¢) for each simulated case
and approach. The mean value is represented by a dot. TTC clearly outperformed
the others in (b) and (c).

We manipulated the three different methods (independent variable) and assessed
them with respect to the time before stopping (dependent variable), for each of the
prototypical cases. First, we used Kruskal-Wallis to evaluate if there was a statisti-
cally significant difference in group mean, obtaining y%(2) = 55.08, p < 0.001, for
case A, x2(2) = 1113, p < 0.001, case C, and 12(2) = 1812.8, p < 0.001, case E.
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Second, as the results rejected the null hypothesis, we carried out a post-hoc analysis
to find out where the differences occurred between the groups. A Dunn & Siddk
post-hoc multiple comparison test revealed a significant pairwise difference between
our method and the other two in two of the cases: C and E. In case C, the time
before braking using TTC was significantly different from the ones using ISO and
Fuzzy ISO with a p-value of 0 in both cases. In case E, TTC was also significantly
different to ISO and Fuzzy ISO, with a p-value of O for both comparisons. These
results proved that the differences in the values depicted in Figs. [I.4b| and are
statistically significant. Hence, in these two cases, TTC allowed the robot to move
during a larger time before stopping. This fact decreased the human-robot protective
distance. Specifically, in case C, the robot using TTC moved a 110.52% more time
on average than with ISO, and a 71.81% more than with Fuzzy ISO. In case E, the
improvement was far greater, a 802.68% w.r.t. using ISO and a 358.83% w.r.t. Fuzzy
ISO. These improvements would be notorious in long-term collaborations at indus-
tries, especially in tasks that would imply medium and high levels of interaction (see
Fig.[[33). In case A, our method was significantly different from the ISO method
with a p-value of 9.010e~8, while no significant differences were found between the
Fuzzy ISO and TTC. However, the mean difference between TTC and ISO was really
small (5.85%), as we can see in the values depicted in Fig.[T.4a] Note that in case A,
the human and the robot approached each other, which is the default assumption that
ISO’s formulation does. Hence, we expected our method to capture the high risk of
the situation and behaved similarly to the ISO.

ROBOT ROBOT ROBOT

HUMAN HUMAN HUMAN

b

—~

a

N
~
=~
—~

C

~

Figure 1.5: Examples of our task’s distribution between the robot and the human
with different levels of interaction. Blue circles (R) indicate the tray’s compartments
that the robot would fill. Red circles (H) would be filled by the human. (a) Low level
of interaction with nearly zero possible crossing trajectories. (b) Medium level of
interaction where a few of the robot’s and human’s targets might involve trajectories’
intersections. (c) High level of interaction where the distribution of the task’s targets
would potentially cause crossing trajectories, leading to several probable contacts
and safety stops.
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1.5.1.2 Evaluation I - Second hypothesis: the robot gets closer but it is
still safe

A second statistical analysis evaluated the significance of our approach’s improve-
ment in allowing closer but still safe human-robot distances. The analysis was again
performed w.r.t. the ISO and the Fuzzy ISO methods. We measured the final human-
robot distance once the safety stop was issued. Fig. [[.6] shows the distributions of
measured distance for each case and evaluated approach.

Case A - Both approaching . Case C - Robot chasing , Case E - Human chasing

Distance to human (m)

Distance to human (m)
Distance to human (m)

Fuazy 150 3 s fanyso o s Furzy 150
Approach Approach Approach

(a) (b) (©

Figure 1.6: Distributions of the final distance to the human (a, b, ¢) for each sim-
ulated case and approach. The mean value is represented by a dot. TTC produces
shorter distances in (b) and (c), but always ensuring safety and avoiding collisions.

We manipulated the three different methods (independent variable) and assessed
them with respect to the human-robot distance after stopping (dependent variable).
This is for each of the three prototypical cases. First, we used Kruskal-Wallis to
evaluate if there was a statistically significant difference in group mean, obtain-
ing x%(2) =290.71,p < 0.001, for case A, x*(2) = 2138, p < 0.001, case C, and
752(2) =2132.5, p < 0.001, case E. Second, as the results rejected the null hypoth-
esis, we carried out a post-hoc analysis to find out where the differences occurred
between the groups. A Dunn & Siddk post-hoc multiple comparison test revealed
a significant pairwise difference between our method and the other two in the three
prototypical cases: A, C and E. In case A, the distance after braking using TTC was
significantly different from the ones using ISO and Fuzzy ISO with a p-value of 0
and 0.0018, respectively. In cases C and E, TTC was also significantly different to
ISO and Fuzzy ISO, with a p-value of 0 for both comparisons.

These results proved that the differences in the values depicted in Fig. are
statistically significant. However, in case A, the mean difference in the human-robot
distance produced by TTC was really small w.r.t. the other two methods. Specifi-
cally, using TTC the average final distance was a 7.69% smaller than with ISO and
a 2.19% larger than with Fuzzy ISO. In cases C and E, the differences were larger
and TTC allowed the robot to get closer to the human before stopping. Specifically,
in case C, the robot using TTC produced a reduction in the final human-robot of a
48,51% and a 42.46% w.r.t. ISO and Fuzzy ISO respectively. In case E, the reduction
was a bit larger, a 51.82% w.r.t. using ISO and a 49.06% w.r.t. Fuzzy ISO. Reducing
the final human-robot distance might affect safety, but TTC produced no collisions
during the simulation. Furthermore, the percentage reduction in the final distance is

nicture(O OY(-42 X1 O)30 (O -42)(0 1)30 picture nicture(O )42 O)(-1 O30 (O -42)(0 130 nicture



picture(0,0)(-42,0)(1,0)30 (0,42)(0,-1)30 picture picture(0,0)(42,0)(-1,0)30 (0,42)(0,-1)30 picture

12 Human-Robot Collaboration: Unlocking the potential for industrial applications

far smaller than the increase in the time the robot moves before stopping. Hence, we
can say that TTC greatly improves productivity while slightly compromising safety.

1.5.2  Evaluation II - Real robot and simulated human (aiming for
repeatability)

In this case, we contextualized the previous simulation-based evaluation, showing
how our proposal may be useful in the task shown in Fig. The objective was to
evaluate our approach implemented in a real robot, avoiding the problem of repeata-
bility of the human operator. Hence, we implemented a realistic setup, where a real
Kinova Gen3 robot moved towards a specific target pose. Meanwhile, the system
was fed with the position and the velocity of a simulated human. This simulated
human moved accordingly to the three cases evaluated before. Specifically, for the
situations shown in Figs. and the real robot moved from the grasp pose to
the release pose of one of the tray’s compartments. This would be the case of a robot
picking a token and trying to place it on a compartment. For the remaining situation,
Fig. the real robot moved along the opposite trajectory. In this case, emulating
when the robot would have already placed the token and it would go to pick a new
one. In this evaluation, we simulated four human’s velocities, and we compared the
final Euclidean distance from the robot to the target pose after stopping. Note that
the distance to the target is related to the two variables studied in Sec. [[.5.1} the
robot’s motion time and the distance to the human before stopping. Considering the
previous evaluation’s results, our hypothesis was that the robot would clearly be able
to get closer to the target pose using our method in cases C and E. We used the robot
Kinova Gen3, equipped with the 2F-85 two-finger gripper from Robotiq, and the
same parameters as in Sec. [I.5.1] The four different simulated human’s speeds were
selected from the intervals we used in Sec. for the cases A, C and E: [0.3,0.6],
[0.0,0.15], and [0.3,0.6], respectively. Some videos of this evaluation are shown in
the additional materia

Fig. depicts the evolution of the distance to the target for the four human
speeds and each case. These results corroborated, in this case using a real robot,
what we already obtained in simulation in Sect[[.5.1] In case A (see Fig. [I.7a)), the
differences between the three approaches remained minimal, around 2%. While in
cases C and E (see Figs. and TTC again outperformed the other two ap-
proaches, allowing the robot to get closer to its target pose. Hence, our method let
the robot get closer to finish its task (e.g. placing a token) before stopping. Specif-
ically, in the case C, the final distance to the target using TTC was a 23.22% and a
19.92% shorter on average than with ISO, and Fuzzy ISO, respectively. In case E,
the improvement is even greater, a 31.53% and a 29.16% shorter distance to target
on average w.r.t. ISO and Fuzzy ISO, respectively. Fig. depicts a comparison of
the final robot’s pose w.r.t. the target for the three methods in one of the simulated
examples of the case E.

2www.iri.upc.edu/groups/perception/TTC
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Figure 1.7: The plots show the evolution of the robot’s distance to a target pose
during the second evaluation: real robot and simulated human. (a) Both agents ap-
proaching with probable contact. (b) Robot following the human with probable con-
tact. (c¢) Human following the robot with probable contact. Once the safety stop was
triggered, the human’s simulation finished and the robot remained stopped. This is
why the distance to the target becomes constant in the plots, implicitly representing
the time the robot was moving before the safety stop.

Figure 1.8: Exemplification of the final distance to the target pose during the second
evaluation (case E): real robot and simulated human. The robot is trying to reach the
target pose at 0.2m/s while the human is following the robot at a faster speed (0.3m/s
in this case). In the image, we can see the target pose (red) and the final robot’s pose
after the safety stop issued by ISO (cyan), Fuzzy ISO (green) and TTC (yellow). As
we can see, TTC allows the robot to get closer to the target before stopping.
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1.5.3  Qualitative validation - Demo of a collaborative task with the
real robot and a human

Finally, we present a qualitative validation of the implementation of our approach
in a realistic scenario where a robot and a human share the task of filling the com-
partments of a tray [28]. The video of one of the task executions can be found in
the additional materiaﬂ In this implementation, when the human filled one of the
compartments the robot was meant to fill, the robot modified its plan and contin-
ued with the other free targets. Once a safety stop was issued, the robot was put
in joint admittance mode (compliant), and it resumed the motion only after the hu-
man’s command. The human’s pose and velocity were detected using an HTC Vive
tracker on their hand, and the tokens using an RFID-based board for fast and precise
detection. The measurements’ rate of the HTC and the robot was 100Hz. The robot
shared with the operator its interpretation of the collision’s risk using the lights on
the robot’s base (see Fig. [I.9).

Robotiq 2F-85

LED band to inform
user about the risk
of contact.
Green (no contact)

Red (imminent)

RFID-based board
for tokens detection

HTC Vive tracker for human pose and
velocity estimation

Figure 1.9: Setup for the demo of a collaborative task: filling a tray.

1.6 CONCLUSION

In this chapter, we studied the concept of time-to-contact (TTC) to issue a safety
stop in close collaborative robotic scenarios. We proposed a TTC formulation and
an algorithm to activate a robot safety stop when there is a potential contact. We
evaluated our approach against two state-of-the-art methods in a set of prototypi-
cal cases. First, in simulation, where a statistical analysis was performed to study
the significance of the results. Second, with a real robot and a simulated human,
aiming for a more realistic evaluation while avoiding the issue of human repeatabil-
ity. In both evaluations and two out of three cases, our approach clearly produced
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a later safety stop than the other standard methods, increasing the time the robot is
moving/working. In the remaining case, the differences between the three methods
were too small to be relevant. Later stops resulted in shorter final distances between
the human and the robot. However, the distance was always large enough to avoid
collisions. Furthermore, the increment in the time the robot moves before stopping
(productivity) is higher than the reduction in the final human-robot distance (safety).
This work is a step forward to enabling robots to continue working more time before
a safety stop is activated, and to get closer to humans while sharing the execution of
tasks with them. In the future, we want to extend the quantitative evaluations done
in this work to other tasks, robot’s speeds, and users. Furthermore, we would like
to qualitatively evaluate with users the three compared approaches in terms of the
perceived safety. We also plan to consider all the human and the robot joints for
the computation of TTC. This might be done re-using and adapting previous work
on visual human pose estimation [29]. Finally, it might be interesting to implement
an algorithm to continuously adapt the robot’s speed using TTC, something that has
already shown potential in landing operations for drones.
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