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Introduction to MRSs

¤ Usually MRSs are expected to operate autonomously

¤ Coordination among robots is sought autonomously

¤ The coordinated behavior depends on the current 
state, the state of the other robots and the 
surrounding environment



Introduction to MRSs

¤ Usually MRSs are expected to operate autonomously

¤ Coordination among robots is sought autonomously

¤ The coordinated behavior depends on the current 
state, the state of the other robots and the 
surrounding environment

¤ In classical approaches, the presence of a human 
operator is marginal

¤ The objectives that can be achieved are limited by 
the robots control strategy



Human-MRS interaction

¤ It is possible to take full advantage of the operator’s 
flexibility and skills
¤ High-level reasoning
¤ Deal with unexpected situations and solve them
¤ Adapt to new goals

¤ Being complex systems, a high cognitive burden is 
put on the human operator
¤ Increasing with the number of robots
¤ Critical in remote interaction

¤ Difficult to achieve and maintain proper situation 
awareness
¤ Defined tasks, autonomous robot + operator‘s passive 

role of monitoring = decreased situation awareness



Classical interaction approaches

Haptic devices

Wearable devices

Distributed systems
(e.g., face and speech recognition)

https://www.youtube.com/watch?v=FQEOhhDULoM

Lin and Liu, ICRA2017

Joysticks



Proposed system
A natural infrastructure-less human-MRS interaction system 



Proposed system: features

☞General features
¤ Commercial multipurpose device
¤ Infrastructure-less interaction
¤ Hands-free interaction
¤ Haptic feedback
¤ Heart rate sensor
¤ General approach



Proposed system: features

☞ Features related to robots motion control
¤ Natural mapping of forearm movements into 

velocity commands



Proposed system: features

☞ Features related to robots motion control
¤ Natural mapping of forearm movements into 

velocity commands
¤ Gestures for imposing high-level commands

Villani et al. (2017), IEEE Robot. Automat. Lett., 2(3):1640-1647.



Proposed system: features

☞ Features related to robots motion control
¤ Natural mapping of forearm movements into 

velocity commands
¤ Gestures for imposing high-level commands

Villani et al. (2017), IEEE Robot. Automat. Lett., 2(3):1640-1647.



Validation with a single robot

MOBILE ROBOT:

¤ Compared with a remote control system 
implementing unilateral teleoperation 
(Geomagic Touch)

¤ 13 users; 3 tasks

¤ Smartwatch à execution time ~45% smaller 
[Villani et al., IFAC2017]

QUADROTOR:

¤ Compared with a joystick in simulated 
environment

¤ 22 users; 2 tasks

¤ Smartwatch à faster
[Villani et al., RA-L, 2017]



Validation with a single robot

QUADROTOR:

¤ Compared with the official application

¤ 2 users

¤ Smartwatch à less than half of the time to pop a balloon
[Villani et al., RA-L, 2017]



Dealing with cognitive complexity

¤ Achieving a different level of robots autonomy 
implies changing the workload for the user

Completely 
teleoperated or 
manually guided

Fully autonomous
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§ The user is not requested 
to perform any work

§ the objectives that can 
be achieved are limited 
by the robot control 
strategy

§ Take full advantage of 
the user’s flexibility

§ increased workload

Trade-off between 
complete flexibility and 
an acceptable level of 
workload for the user



Affective robotics

The level of autonomy of the robots is changed depending 
on the current cognitive workload of the user

Affective robotics:
enhancing the interaction of a human with a 

robot by recognizing her/his affect

Implicit feedback about the interaction can be achieved 
and the behavior of the robots can be adapted accordingly



Heart rate variability for stress detection

¤ The normal variability in heart rate is due to autonomic 
neural regulation of the heart and the circulatory system

¤ HRV reflects the balance between the sympathetic and 
parasympathetic branches of the central nervous system

¤ Mental stress is one of the factors contributing to 
sympathetic stimulation, which is associated with the low 
frequency range of heart rate

Heart rate variability: the 
variation over time of the 
interval between 
consecutive heart beats

RRk = Rk+1 – Rk k = 1,2,…



Mental stress detection

Average RR interval for sliding windows of fixed duration:

i−th window of duration T(w), 
whose cardinality is Ni

⇒mental stress is increased

[Villani et al., submitted to IROS2017]



Natural and affective interaction with a MRS

User

Control 
architecture

Multi-Robot 
System

Gesture;
Forearm motion

Velocity 
command

Position, velocity

Mental
workload

Robot’s behavior

Environment
Stressors



Changing robots behavior



Changing robots behavior



Experimental validation

1. Natural interaction

2. Stress detection

3. Natural and affective interaction system



Results: natural interaction



Results: stress detection

TABLE I
RESULTS OF HRV ANALYSIS FOR MENTAL STRESS DETECTION.

HRV measure Mean ± SD Statistical
significance

RR [s]
rest: 0.867 ± 0.125 YES

stress: 0.835 ± 0.131 (p = 0.04 < 0.05)

SDRR [s] rest: 0.159 ± 0.068 NO
stress: 0.158 ± 0.077 (p = 0.95 > 0.05)

RMSSD [s] rest: 0.159 ± 0.089 NO
stress: 0.168 ± 0.095 (p = 0.71 > 0.05)

pNN50 [%] rest: 67.30 ± 7.71 NO
stress: 68.59 ± 8.08 (p = 0.49 > 0.05)

LF [ms2]
rest: 40.056 ± 4.751 NO

stress: 40.055 ± 4.785 (p = 1.00 > 0.05)

HF [ms2]
rest: 59.944 ± 4.751 NO

stress: 59.945 ± 4.785 (p = 1.00 > 0.05)

LF/HF [ms2]
rest: 0.678 ± 0.132 NO

stress: 0.680 ± 0.156 (p = 0.96 > 0.05)
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Fig. 5. Histogram of statistical significance of RR as a metrics to
discriminate mental workload on 2.5-minutes RR series.

each of the 5-minutes RR series, and the HRV metrics in
the time and frequency domain were computed. We ran a
total of 1000 Monte Carlo trials randomizing the beginning
of the newly extracted RR series, for each subject and
condition (rest or stress). The RR parameter confirms good
performance in stress detection, since it returns a noticeable
difference between the rest and stress conditions:

rest: RR = 0.871± 0.135
stress: RR = 0.844± 0.149

(p = 0.02 < 0.05) (7)

averaged over the extracted 21⇥1000 segments of RR series.
In particular, the difference between the two conditions in
all the subjects was statistically significant with p < 0.05 in
854 out of 1000 runs, of which 436 gave p < 0.01. Fig. 5
reports the histogram of p-values returned by the Monte
Carlo simulation regarding the use of RR as a metrics to
detect changes in mental stress level on RR series 2.5 minutes
long.

On the contrary, in any of the 1000 trials, none of the
other parameters in Table I returned a statistically significant
(p < 0.1) difference between the rest and stress conditions.

These results motivate the fact that, in the experiments of
affective robotics presented in the next subsection, the index
RR has been considered to adapt the robot behavior to the

Fig. 6. Experimental setup.

Baseline recording at rest (2.5 min)

Adaptation of the robot’s behavior
to the user’s mental workload

3 laps, average duration ~ 11.5 min

No adaptation of the robot’s behavior
3 laps, average duration ~ 6.6 min

Fig. 7. Organization of the experimental session with the robot.

user’s mental workload.

B. Experiments with the robot

The second set of experiments aimed at evaluating the ef-
fectiveness of the proposed framework of affective robotics.
To this end, 12 first time users (2 females, 10 males, age
26.7±3.6 y.o.) were asked to drive the mobile robot through
a tight cluttered environment, consisting of seven plastic pins
placed on the ground, as shown in Fig. 6 and in the attached
video. In particular, the users were instructed to follow the
red path, without touching any pin or barrier. The experiment
was organized in two parts, which are represented in Fig. 7.
In each of them, the users were asked to drive the robot
along the path for three continuous laps, for a total of six
laps. In the first part, no adaptation of the robot’s behavior
was considered; thus, the robot was controlled according to
Fig. 1(b) and (2). In the second part of the experiment, the
robot’s behavior was adapted on the basis of the detected
user’s mental workload, as in Fig. 4 and (6). Additionally,
the second part of the experiment was anticipated by an
initial baseline recording of duration 2.5 minutes, aiming
at recording the subject specific value of RR at rest. The
order of the two sessions was randomized to compensate
any learning effect.

In the session of the experiment when adaptation of the
robot’s behavior was provided, the value of RR was computed
on recording windows of 2.5 minutes, which we found to
be a good compromise between fast stress detection (i.e.,
faster than standard 5-minutes short-term HRV analysis) and
accuracy of results, as shown in Subsec V-A.

5 minutes rest 5 minutes stress
loud music + 

arithmetical task +
fast counting test 

rest:
stress:

[Villani et al., submitted to IROS2017]

21 subjects involved in the test



Results: natural and affective interaction

GOAL: driving the 
robots to the yellow 
areas

USER AT REST: the 
robots have to be 
driven independently

STRESSED USER: the user 
drives one robot; which 
is followed by the other 
two implementing 
consensus 



Results: natural and affective interaction

Mental stressSustainable mental load



Conclusions

¤ The user interaction with a MRS has been considered

¤ A natural smartwatch-based interaction system has been 
presented

¤ Intuitively commanding the robots

¤ Infrastructure-less hands-free interaction

¤ Tangible system

¤ Multi-purpose system

¤ General approach

¤ An affective robotics approach has been considered
¤ The behavior of the MRS is adapted to the user cognitive workload

¤ Different levels of robots autonomy

¤ The preliminary validation of the approach has been presented


