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Execu ve Summary
This deliverable of work package WP3 summarizes the work performed in Task 3.1 on developing and combining in a single control architecture various techniques for robot collision avoidance in highly dynamic environments and physical collision detec on and robot reac on to guarantee safety. The two features of collision avoidance and collision detec on/reac on complement themselves in allowing human-robot coexistence,
where the robot and the human share closely the same workspace. These features are also the prerequisite
for human-robot physical collabora on (which is the subject of a diﬀerent Task 3.4), which can be integrated
in this same framework. The results presented in this document use the sensing capabili es and real? me
processing developed in WP4 and provides a layout of the low-level control capabili es used in WP6. Some of
the results on collision detec on have been used also for kinesthe c teaching within WP5.
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1 Introduc on
The proper handling of the diﬀerent modali es of physical interac on between humans and robots is one
of the requirements in service and industrial robo cs that the SAPHARI project is addressing. To fulﬁll this
requirement, human safety must always be guaranteed, both when the human and robot are supposed to
just work side-by-side without contacts or exchange of forces and when they should strictly collaborate in the
execu on of complex task. Se ng the pathway to a safer collabora on will allow merging the adaptability
skills of humans with the precision and high payload capability of robots.
Passive safety was one of the core guidelines of the former FP6 project PHRIENDS (2006-09), mostly devoted to the development of lightweight robot structures with (variable) mechanical compliance, and their
low-level control intended to detect collisions and recover performance. In the SAPHARI project, a new physical Human-Robot Collabora on (pHRC) framework has been developed. This framework is conceived as nested
layers of consistent behaviors that the robot must guarantee and accomplish: Safety, Coexistence, and Collabora on (see Fig. 1).

Safety
Coexistence
Collaboration
Figure 1: Stack of nested consistent behaviors for pHRC [4].
Safety is the inherent and most important feature of a robot that has to work close to human beings.
Classical solu ons for preserving safety in industrial environments, i.e., using cages or stopping the robot in
the presence of humans, are inappropriate for many pHRI tasks. The latest industrial safety standards and the
technical speciﬁca on ISO/TS15066 in prepara on limit the total instantaneous power of a robo c system in
opera on and determine a maximum speed of moving robots in human environments. However, they may
s ll fall short in some desired professional or personal service applica ons.
Coexistence is the robot capability of sharing the workspace with other en es, most relevant with humans
in which case human safety requirements must be consistently guaranteed (i.e., safe coexistence). An example
of coexistence is when a robot and a human operator work together on the same object, without ever requiring
mutual contact or coordina on of ac ons.
Collabora on is the robot feature of performing a complex task with direct human interac on and coordina on in two diﬀerent, not mutually exclusive modali es: physical collabora on, where there is an explicit
and inten onal contact with exchange of forces, and contact-less collabora on, where coordinated ac ons are
guided by an exchange of informa on (such as through gestures or voice commands). We refer to safe physical
collabora on when this ac vity is consistent with safe coexistence, i.e., when safety and coexistence features
are guaranteed during physical collabora on phases.
When collabora on is not the main concern (for this, see the project work in Task 3.4), the safest possible
solu on is to avoid any undesired contact (collision) with humans or environment obstacles. To this end, in
SAPHARI we have explored diﬀerent solu ons for real- me sensor-based collision avoidance, as reported in
Sec. 2. Unfortunately, collision avoidance may fail due to the dynamic limita ons of sensors and robot mo on,
e.g., if the human moves faster than the robot can sense or counteract. In this event, it is s ll possible to de-
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tect a physical contacts (Sec. 3), more speciﬁcally dis nguishing between inten onal contacts and unforeseen
collisions (Sec. 3.2), so as to or react to collisions by immediately removing the robot from the collision area
(Sec. 4).
In this combined treatment of collision avoidance, collision detec on, and collision reac on:
• mul ple sensing capabili es and real- me processing are those developed in Task 4.1;
• sensor-based collision avoidance has used mainly a Kinect sensor connected to KUKA robot controllers
(via the FRI or RSI interface), using the depth informa on to realize reac ve behaviors that an cipate
rela vely slow human-robot poten al collisions;
• for the detec on of unescapable/fast collisions, propriocep ve sensing (encoders, motor currents data
or torque sensors at the robot joints) has been used in the evalua on of residual signals that monitor
the generalised momentum of the robot;
• the reac on strategies considered here are mainly those originally developed in [1,9] for the DLR LWR-III
robot, reimplemented in the current robo c systems and control architectures;
• further robot reac on strategies following a recognized inten on of collabora on (see, e.g., [13,14]) are
not included here being part of Task 3.4, but would ﬁt within the same control architecture;
• complete valida ons have been conducted on diﬀerent instances of the KUKA LWR robo c pla orm,
at DLR, IOSB, TUM, UNINA, and UNIROMA1, while few results have been obtained also on a small-size
industrial KUKA KR5 robot with closed control architecture, see [8];
• many results are supported also through videos, which are available on the project website (as well as
on YouTube channels).
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2 Collision Avoidance
Avoiding an undesired collision is indeed the safest approach for human-robot coexistence. Thus, diﬀerent
approaches have been explored in SAPHARI. All of them have been tested on a KUKA LWR arm with 7-DOF.

2.1 Collision avoidance in the depth space [UNIROMA1]
The main informa on needed by any on-line collision avoidance algorithm is the rela ve distance between
the robot and some obstacle in its workspace, as acquired by exterocep ve sensors either ﬁxed in the environment or mounted on the robot. In this respect, without any extra informa on about the environment and the
obstacles, also occluded points (points behind a detected obstacle) have to be considered as obstacles (see
Fig. 2).

Figure 2: Illustra on of the occluded points that forms the gray area generated by a depth sensor.
The performance of any algorithm will depend also on the fast processing capability of the sensor data.
In [6, 7], we have proposed a new eﬃcient method for es ma ng obstacle-to-robot distances that works directly in the depth space associated to a depth sensor (e.g., a Kinect monitoring the HRI scene). This method
allows to take into considera on also occluded points and pixel sizes (the so-called frustum associated to a
pixel, as shown in Fig. 3).

Figure 3: Depth space distance evalua on to a point of interest when also the pixel dimension is taken into
account. The two possible cases of obstacle depth larger or smaller than the depth of the point of interest are
shown.
Once the robot-obstacle distances have been evaluated, they are used to modify on-line the current trajectory of the manipulator so as to avoid collision. Many diﬀerent approaches for obstacle avoidance can be
used [10, 12, 17]. In [6], we have presented a simple but eﬀec ve collision avoidance algorithm based on a
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modiﬁca on of ar ﬁcial poten al ﬁelds, including also a pivo ng strategy to escape local minima. An example
of collision avoidance in close human-robot coexistence is shown in Fig. 4. The robot should avoid the human
as well as the other (sta c) obstacles detected on line in the environment. See [6, 7] for more details.
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Figure 4: Example of collision avoidance using the depth space, with a human operator trying to touch the
robot end-eﬀector. The ﬁrst and second rows refer to four instants of a typical experiment (t = 0, 1, 2, 3 s).
Snapshots of the experiment are shown in the ﬁrst row, while the second row illustrates the main quan es of
interest: end-eﬀector trajectory [red]; distances between control points and nearest obstacles [green]; endeﬀector repulsive velocity [blue]. The last row shows the evolu on of the components of the end-eﬀector
repulsive velocity [le ] and of the minimum distances for a number of control points on the robot surface
[right].

2.2 Predic ve mo on planning and control [IOSB]
Based on informa on on sta c obstacles, an ini al robot trajectory from the current to the goal posi on is
calculated by means of an A*-search algorithm in the conﬁgura on space, where a discre za on of valid conﬁgura ons is computed oﬄine and augmented with me (Fig. 5).
The three-dimensional work space of the robot is divided into cells with a ﬁxed edge length. The Cartesian
space occupied by the robot in a certain conﬁgura on is determined by approxima ng the robot by several
cubes (Fig. 6)
Moving obstacle are detected using a external sensor, and their mo on is predicted using a Kalman ﬁlter. This predic on, together with the robot representa on, is used to update the conﬁgura on- me map.
Thus, the robot trajectory is periodically updated to take unforeseen changes into account, similar to a model
predic ve control approach. Therefore, it is essen al that the trajectory is computed in real- me.
Figure 7 shows a simula on of the collision avoidance obtained with this approach. For further details
please refer to Milestone MS10 [15].
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Figure 5: Discrete conﬁgura on- me space for a 2-DOF robot.
dŚĞ ƚŚƌĞĞͲĚŝŵĞŶƐŝŽŶĂů ǁŽƌŬ ƐƉĂĐĞ ŽĨ ƚŚĞ ƌŽďŽƚ ŝƐ ĚŝǀŝĚĞĚ ŝŶƚŽ ĐĞůůƐ ǁŝƚŚ Ă ĮǆĞĚ ĞĚŐĞ ůĞŶŐƚŚ͘ dŚĞ ĂƌƚĞƐŝĂŶ

ĐƵďĞƐ ;ƐĞĞ &ŝŐ͘
ϮͿ͘ ŽĐĐƵƉŝĞĚ ďǇ ƚŚĞ ƌŽďŽƚ ŝŶ Ă ĐĞƌƚĂŝŶ ĐŽŶĮŐƵƌĂƟŽŶ ŝƐ ĚĞƚĞƌŵŝŶĞĚ ďǇ ĂƉƉƌŽǆŝŵĂƟŶŐ ƚŚĞ ƌŽďŽƚ ďǇ ƐĞǀĞƌĂů
ƐƉĂĐĞ
!

WĂŐĞ ϯ ŽĨ ϭϭ

/dʹϮϴϳϱϭϯ
^W,Z/ŽĨ ƚŚĞ ĂƌƚĞƐŝĂŶ ƐƉĂĐĞ͗ ĂƉƉƌŽǆŝŵĂƟŽŶ ŽĨ ƚŚĞ ƌŽďŽƚ ďǇ ĐƵďĞƐ ;ůĞŌͿ ĂŶĚ ƐƵďͲĚŝǀŝĚŝŶŐ
DŝůĞƐƚŽŶĞ D^ϭϬ
&ŝŐƵƌĞ Ϯ͗ DŽĚĞůŝŶŐ
ƚŚĞ

Figure 6: Modeling
of ƐƉĂĐĞ
the Cartesian
ƌŽďŽƚ ǁŽƌŬ
ŝŶƚŽ ĐƵďŝĐ ĐĞůůƐspace:
;ƌŝŐŚƚͿ͘ Approxima on of the robot by cubes [le ] and sub-dividing the
robot workspace into cubic cells [right].
^ƵďƐĞƋƵĞŶƚůǇ ƚŚĞ ƐŽͲĐĂůůĞĚ ŵĂƉƉŝŶŐ ŝƐ ĐŽŶĚƵĐƚĞĚ͕ ĚƵƌŝŶŐ ǁŚŝĐŚ Ăůů ĐŽƌƌĞƐƉŽŶĚĞŶĐĞƐ ďĞƚǁĞĞŶ ǁŽƌŬ ƐƉĂĐĞ
ĂŶĚ ĐŽŶĮŐƵƌĂƟŽŶ ƐƉĂĐĞ ĂƌĞ ĐĂůĐƵůĂƚĞĚ ĂŶĚ ƐƚŽƌĞĚ ŝŶ Ă ŵĂƚƌŝǆ͘ dŚĞ ŵĂƉƉŝŶŐ ďĞƚǁĞĞŶ ĐŽŶĮŐƵƌĂƟŽŶ ƐƉĂĐĞ ĂŶĚ
ĂƌƚĞƐŝĂŶ ƐƉĂĐĞ ŝƐ ƌĞƋƵŝƌĞĚ ƚŽ ƋƵŝĐŬůǇ ŝĚĞŶƟĨǇ ƌŽďŽƚ ĐŽŶĮŐƵƌĂƟŽŶƐ ƚŚĂƚ ĂƌĞ ŝŶ ĐŽůůŝƐŝŽŶ ǁŝƚŚ Ă ĚǇŶĂŵŝĐ ŽďƐƚĂĐůĞ͕
ĂƐ ƚŚĞ ƉůĂŶŶŝŶŐ ŝƐ ĚŽŶĞ ŝŶ ƚŚĞ ĐŽŶĮŐƵƌĂƟŽŶ ƐƉĂĐĞ ĂŶĚ ƚŚĞ ŽďƐƚĂĐůĞ ŝŶĨŽƌŵĂƟŽŶ ŝƐ ĂǀĂŝůĂďůĞ ŝŶ ƚŚĞ ĂƌƚĞƐŝĂŶ
ƐƉĂĐĞ͘

ϭ͘Ϯ KŶůŝŶĞ ƚƌĂũĞĐƚŽƌǇ ŽƉƟŵŝǌĂƟŽŶ ďǇ ĂŶ A∗ ĂůŐŽƌŝƚŚŵ
dŚĞ ƐƉĞĐŝĮĐ ƉĂƚŚ ƉůĂŶŶŝŶŐ ƚĂƐŬ ŝƐ ƐŽůǀĞĚ ĚƵƌŝŶŐ ƚŚĞ ŽŶůŝŶĞ ĐŽŵƉƵƚĂƟŽŶ ƉŚĂƐĞ͕ ǁŚĞƌĞ Ă ĐŽůůŝƐŝŽŶͲĨƌĞĞ ƚƌĂũĞĐƚŽƌǇ
ĨƌŽŵ ƐƚĂƌƚ ƚŽ ŐŽĂů ĐŽŶĮŐƵƌĂƟŽŶ ŝƐ ĐĂůĐƵůĂƚĞĚ͘ dŽ ĐŽŵƉƵƚĞ ƚŚĞ ƚƌĂũĞĐƚŽƌǇ͕ ƟŵĞ ŝƐ ĐŽŶƐŝĚĞƌĞĚ ĂƐ ĂŶ ĂĚĚŝƟŽŶĂů
ĚŝŵĞŶƐŝŽŶ ĂŶĚ ƚŚĞ ŵĂƉ ĚĞƐĐƌŝďŝŶŐ ƚŚĞ ĐŽŶĮŐƵƌĂƟŽŶ ƐƉĂĐĞ ŝƐ ĞǆƚĞŶĚĞĚ ĂĐĐŽƌĚŝŶŐůǇ Ϯ͘ ,ŽǁĞǀĞƌ͕ ƚŚĞ ƐƚĂƚĞͲ
ƟŵĞ ƐƉĂĐĞ ĂƉƉƌŽĂĐŚ ŝƐ ŽŶůǇ ĂƉƉůŝĞĚ ŽŶ Ă ůŽĐĂů ůĞǀĞů͕ ƐŽ ƚŚĂƚ ƚŚĞ ŶƵŵďĞƌ ŽĨ ƟŵĞ ůĂǇĞƌƐ ŝŶĐůƵĚĞĚ ŝŶ ƚŚĞ ŵĂƉ ŝƐ
ůŝŵŝƚĞĚ ƚŽ Ă ƉƌĞͲƐĞƚ ǀĂůƵĞ͘ /Ĩ ƚŚĞ ƟŵĞ ƚŽ ƌĞĂĐŚ ƚŚĞ ŐŽĂů ĐŽŶĮŐƵƌĂƟŽŶ ĞǆĐĞĞĚƐ ƚŚŝƐ ƚĞŵƉŽƌĂů ŚŽƌŝǌŽŶ͕ ƚŚĞ ŝŶŝƟĂů
ŵĂƉ ŝƐ ƵƐĞĚ ƚŽ ĐŽŵƉƵƚĞ ƚŚĞ ƌĞŵĂŝŶŝŶŐ ƉĂƌƚ ŽĨ ƚŚĞ ƚƌĂũĞĐƚŽƌǇ͘
dŽ ƐĞĂƌĐŚ ĨŽƌ Ă ĐŽƐƚ ŵŝŶŝŵĂů ƉĂƚŚ ŝŶ ƚŚĞ ŵĂƉ͕ ĂŶ A∗ ͲĂůŐŽƌŝƚŚŵ ŝƐ ƵƐĞĚ͘ A∗ ŝƐ ĂŶ ŝŶĨŽƌŵĞĚ ƐĞĂƌĐŚ ĂůŐŽƌŝƚŚŵ
ŽŶ ŐƌĂƉŚƐ ǁŝĚĞůǇ ƵƐĞĚ ƚŽ ĮŶĚ ƚŚĞ ŵŝŶŝŵƵŵ ƉĂƚŚ ĨƌŽŵ Ă ŐŝǀĞŶ ƐƚĂƌƟŶŐ ŶŽĚĞ ƚŽǁĂƌĚƐ Ă ŐŝǀĞŶ ĚĞƐƟŶĂƟŽŶ ŶŽĚĞ͘
G = (N, A) ŝƐ Ă ŐƌĂƉŚ ǁŝƚŚ Ă ƐĞƚ ŽĨ ŶŽĚĞƐ N ĂŶĚ Ă ƐĞƚ ŽĨ ĞĚŐĞƐ A͘ /Ĩ ĨŽƌ ĞĂĐŚ ĞĚŐĞ Ă ǁĞŝŐŚƚ ŝƐ ĂƐƐŽĐŝĂƚĞĚ͕ ŝƚ
ŝƐ ƉŽƐƐŝďůĞ ƚŽ ĐŽŶƐŝĚĞƌ ƚŚĞ ƉƌŽďůĞŵ ŽĨ ĐŽŶŶĞĐƟŶŐ ƚŚĞ ƐƚĂƌƟŶŐ ŶŽĚĞ Ns ĂŶĚ ƚŚĞ ŐŽĂů ŶŽĚĞ Ng ŽŶ G ƚŚƌŽƵŐŚ Ă
ŵŝŶŝŵƵŵ ĐŽƐƚ ƉĂƚŚ͘
&ŝƌƐƚ͕ ĂŶ ŝŶŝƟĂů ƚƌĂũĞĐƚŽƌǇ ŝƐ ĐŽŵƉƵƚĞĚ͕ ƚĂŬŝŶŐ ŝŶƚŽ ĂĐĐŽƵŶƚ ŽŶůǇ ƚŚĞ ƐƚĂƟĐ ŽďƐƚĂĐůĞƐ͘ dŚĞŶ͕ ĚƵƌŝŶŐ ĞǀĞƌǇ ĐǇͲ
ĐůĞ͕ ƚŚĞ ƚƌĂũĞĐƚŽƌŝĞƐ ŽĨ ƚŚĞ ĚĞƚĞĐƚĞĚ ŽďƐƚĂĐůĞƐ ĂƌĞ ƉƌĞĚŝĐƚĞĚ ďǇ Ă <ĂůŵĂŶ ĮůƚĞƌ ĂŶĚ ƵƐĞĚ ƚŽ ĐŚĞĐŬ ƚŚĞ ĐŽŵƉƵƚĞĚ
ƉĂƚŚ ĨŽƌ ĐŽůůŝƐŝŽŶƐ ǁŝƚŚŝŶ ƚŚĞ ůŝŵŝƚƐ ŽĨ ƚŚĞ ƚĞŵƉŽƌĂů ŚŽƌŝǌŽŶ͘ dŚĞ ƐŝǌĞƐ ŽĨ ƚŚĞ ŽďƐƚĂĐůĞ ďŽǆĞƐ ƵƐĞĚ ƚŽ ŝĚĞŶƟĨǇ
ƚŚĞ ďůŽĐŬĞĚ ĐŽŶĮŐƵƌĂƟŽŶƐ ĂƌĞ ŝŶĐƌĞĂƐĞĚ ŝŶ ƉƌŽƉŽƌƟŽŶ ƚŽ ƚŚĞ <ĂůŵĂŶ ĮůƚĞƌ ĞƌƌŽƌ͕ ƚŚĞƌĞďǇ ƚĂŬŝŶŐ ŝŶƚŽ ĂĐĐŽƵŶƚ
ƉƌĞĚŝĐƟŽŶ ŝŶĂĐĐƵƌĂĐŝĞƐ͘ /Ĩ Ă ĐŽůůŝƐŝŽŶ ŝƐ ƉƌĞĚŝĐƚĞĚ͕ ƚŚĞ ŵĂƉ ŝƐ ƵƉĚĂƚĞĚ ďǇ ŵĂƌŬŝŶŐ Ăůů ŶŽĚĞƐ ƚŚĂƚ ĐĂƵƐĞ ĐŽůůŝƐŝŽŶƐ
ĂƐ ŝŶǀĂůŝĚ͘ ^ƵďƐĞƋƵĞŶƚůǇ Ă ŶĞǁ ƉĂƚŚ ƐĞĂƌĐŚ ŝƐ ƉĞƌĨŽƌŵĞĚ͘ dŽ ĂůůŽǁ ƚŚĞ ƌŽďŽƚ ƚŽ ďŽƚŚ ďǇƉĂƐƐ Ă ĐĞƌƚĂŝŶ ĐŽŶĮŐƵͲ
ƌĂƟŽŶ ĂƐ ǁĞůů ĂƐ ǁĂŝƚ ŝŶ ŽŶĞ ĐŽŶĮŐƵƌĂƟŽŶ ĨŽƌ Ă ƐƉĞĐŝĮĐ ƟŵĞ ƐƉĂŶ͕ A∗ ƵƐĞƐ ƚǁŽ ĚŝīĞƌĞŶƚ ŚĞƵƌŝƐƟĐ ĨƵŶĐƟŽŶƐ ƚŽ
ĐŽŶƐŝĚĞƌ ďŽƚŚ ƵĐůŝĚĞĂŶ ĚŝƐƚĂŶĐĞ ĂŶĚ ƟŵĞ ƚŽ ƌĞĂĐŚ ƚŚĞ ĚĞƐƟŶĂƟŽŶ͘ /Ŷ ƚŚŝƐ ŵĂŶŶĞƌ͕ ƚŚĞ ƌŽďŽƚ ĐĂŶ ďĞ ŐƵŝĚĞĚ
ƚŽ ƚŚĞ ĚĞƐŝƌĞĚ ŐŽĂů ĐŽŶĮŐƵƌĂƟŽŶ ƚŚƌŽƵŐŚ ĂŶ ŽƉƟŵĂů ƚƌĂũĞĐƚŽƌǇ ǁŝƚŚ ƌĞŐĂƌĚƐ ƚŽ ƟŵĞ ĂŶĚ ĚŝƐƚĂŶĐĞ ǁŝƚŚŽƵƚ ĂŶǇ
ĐŽůůŝƐŝŽŶƐ͘
&ŝŐƵƌĞ
ϯ͗of
^ŝŵƵůĂƟŽŶ
ƌĞƐƵůƚ͗
;Ϳ ŝŶŝƟĂů ƉĂƚŚ
ĐŽŶĮŐƵƌĂƟŽŶ
S ƚŽ ŐŽĂů ĐŽŶĮŐƵƌĂƟŽŶ
G͕ ;Ϳupdated
ƉƌĞĚŝĐƚĞĚ
Example
collision
avoidance:
(A)ĨƌŽŵ
ini ƐƚĂƌƚ
al path,
(B) predicted
collision and
ĐŽůůŝƐŝŽŶ ĂŶĚ ƵƉĚĂƚĞĚ ƉĂƚŚ͕ ;C, DͿ ĐŽůůŝƐŝŽŶ ĨƌĞĞ ƌŽďŽƚ ŵŽƟŽŶ͘

Figure 7:
collision-free robot mo on.

ϭ͘ϯ ZĞƐƵůƚƐ

!

path, (C ,D)

WĂŐĞ ϰ ŽĨ ϭϭ

dŚĞ ĚĞǀĞůŽƉĞĚ ŵŽƟŽŶ ƉůĂŶŶŝŶŐ ĂŶĚ ĐŽŶƚƌŽů ĂůŐŽƌŝƚŚŵ ŚĂƐ ƐƵĐĐĞƐƐĨƵůůǇ ďĞĞŶ ǀĂůŝĚĂƚĞĚ ŝŶ ǀĂƌŝŽƵƐ ƐŝŵƵůĂƟŽŶƐ Page 7 of 15
ĂƐ ǁĞůů ĂƐ ŝŶ ƌĞĂůͲƟŵĞ ĞǆƉĞƌŝŵĞŶƚƐ ǁŝƚŚ ƚŚĞ ϳͲK&
<h< >tZ Ăƚ ƚŚĞ ƌŽďŽƚ ůĂďŽƌĂƚŽƌǇ ŽĨ &ƌĂƵŶŚŽĨĞƌ /K^͘
	
  
/Ŷ &ŝŐ͘ ϯ Ă ƐŝŵƵůĂƚĞĚ ĞǆĂŵƉůĞ ĨŽƌ ĐŽůůŝƐŝŽŶ ĨƌĞĞ ƚƌĂũĞĐƚŽƌǇ ƉůĂŶŶŝŶŐ ĂŶĚ ĐŽŶƚƌŽů ŝƐ ƐŚŽǁŶ͘ dŚĞ ϳͲK& ƌŽďŽƚ
Ăƌŵ ŚĂƐ ƚŽ ŵŽǀĞ ĨƌŽŵ ƚŚĞ ƐƚĂƌƚ ĐŽŶĮŐƵƌĂƟŽŶ S ƚŽ ƚŚĞ ŐŽĂů ĐŽŶĮŐƵƌĂƟŽŶ G͘ dŚĞ ŽƌŝŐŝŶĂůůǇ ƉůĂŶŶĞĚ ƌŽďŽƚ
ƚƌĂũĞĐƚŽƌǇ ŝƐ ĐƌŽƐƐĞĚ ďǇ Ă ďůƵĞ ĂƌďŝƚƌĂƌŝůǇ ŵŽǀŝŶŐ ŽďũĞĐƚ͘ dŚĞ ƌĞƐƵůƚƐ ƐŚŽǁ͕ ƚŚĂƚ ƚŚĞ ĐŽůůŝƐŝŽŶ ŝƐ ƐƵĐĐĞƐƐĨƵůůǇ
ĂǀŽŝĚĞĚ ďǇ ƉůĂŶŶŝŶŐ Ă ŶĞǁ ĚŝƐƚĂŶĐĞ ĂŶĚ ƟŵĞ ŽƉƟŵĂů ƚƌĂũĞĐƚŽƌǇ ďĂƐĞĚ ŽŶ ƚŚĞ ƉƌĞĚŝĐƚĞĚ ŽďƐƚĂĐůĞ ŵŽƟŽŶ ƚŚĂƚ
ƌĞƐƵůƚƐ ŝŶ ĂŶ ĞǀĂƐŝǀĞ ĂĐƟŽŶ͘

ICT–287513 SAPHARI

Deliverable D3.1.1

2.3 Dynamical systems modula on [TUM]
Another approach to reac ve collision avoidance is based on the assump on that the robot mo on is generated using a ﬁrst-order, in general me-variant, Dynamical System (DS):
(1)

ṗ = f (p, t),

where p ∈ Rd and ṗ ∈ Rd represent the robot end-eﬀector posi on and velocity, respec vely. Driving
robots with a DS has several advantages in terms of robustness to external perturba ons, such as unexpected
contacts or changes in the goal/ini al posi on. The DS structure allows, for example, to easily implement a
human-based velocity scaling algorithm for safe HRI [19].
To avoid collisions, a local deforma on of the mo on path is introduced. This deforma on is obtained by
modula ng the DS with a suitable modula on matrix M (p) by:
ṗ(t) = M (p)f (p, t) .

(2)

Matrix M reduces the robot velocity along the normal to the obstacle surface, spli ng the mo on on the
tangen al direc ons. This generates an escaping mo on that preserves the equilibrium point of the modulated
DS [16]. On the obstacle surface, the velocity in the normal direc on is zero. Hence, the robot will never
penetrate a convex obstacle [11] and, under certain assump ons on the degree of concavity [17], neither a
concave obstacle.
To calculate the modula on matrix in (2), we assume that the normal vector n̂(p̄) to the obstacle surface
is deﬁned for all the points p̄ of the surface. Then, a tangen al hyperplane can be deﬁned at each point on
the surface. Let the matrix V (p̄) = [n̂(p̄) v̂1 (p̄) · · · v̂d−1 (p̄)], be an orthonormal basis of the d-dimensional
space, where [v̂1 (p̄) · · · v̂d−1 (p̄)] is a base of the tangen al hyperplane. Introduce Φ′ = Φ(p̄) − α as the
distance between the robot and the surface of the obstacle, including a posi ve scalar α as a safety margin,
where p̄ is the point of minimum distance. Deﬁne a diagonal matrix E(p̄) = diag {λ1 (p̄), . . . , λd (p̄)}, with:
λ1 =



1 −



1
(Φ′

1/ρ

+ 1)

ṗT p̄ ≥ 0 and m = 0

1

λi = 1 +

ṗT p̄ < 0 or m = 1

1
(Φ′

1/ρ

(3)

i = 2, 3, . . . , d.

+ 1)

In (3), the posi ve scalar ρ is the reac vity parameter, used to change the magnitude of the modula on, and the
boolean variable m = 0, 1 is used to interrupt the modula on (m = 1) a er passing the obstacle (ṗT p̄ < 0).
Finally, the modula on matrix can be calculated as
M (p̄) = V (p̄)E(p̄)V (p̄)−1 .

(4)

The described distance-based modula on can be directly applied in the same way, no ma er how many
obstacles exist in the work space. We simply calculate the distance from the closest object and the normal at
the point of minimum distance. So, the number of objects aﬀect the performance of the algorithm only mildly.
In the case of moving obstacles, the modula on in (2) does not guarantee impenetrability. Indeed, increasing the reac vity or the safety margin does not guarantee either to ﬁnd a collision-free path to the goal
in dynamic environments [18]. Let us consider one moving obstacle (when mul ple obstacles exist in the work
space, consider simply the closest or most dangerous one), with transla onal and angular veloci es ṗt and ṗa .
In order to guarantee impenetrability, the modulated system becomes:
ṗ = M (p̄)(f (p, t) − ṗO ) + ṗO = M (p̄)f (p, t) + (I − M (p̄))ṗO

	
  

(5)
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where ṗO = ṗt + ṗa × p̄, I is the d-dimensional iden ty matrix and M (p̄) is calculated using (4). The
term M (f − ṗO ) is a modula on in the obstacle coordinate system, that guarantees the impenetrability in
the current instant. The addi onal term ṗO puts the system in the robot coordinate system and guarantees
collisions avoidance in the following me instant.
The eﬀec veness of the proposed approach can be observed in two valida on experiments with a KUKA
LWR. In the ﬁrst experiment the robot has to reach two goal posi ons, one of which is located at the center
of a box of size 40cm×35cm×20cm. One side of the box is open (Fig. 8(a)). Star ng from a point outside the
box, the robot is guided to the ﬁrst goal g1 inside it by the system ṗ(t) = k(g1 − p(t)), k = 2. Then, star ng
from g1 the robot comes out of the box and reaches the second goal g2 of ṗ(t) = k(g2 − p(t)), k = 2. A
collisions free path is found by modula ng this switching linear DS, as represented in Fig. 8(b).

(a) Task execu on

(b) 3D view

Figure 8: The task of going into and out of a box. Given the point cloud (yellow points) of the box and two goal
posi ons, the robot is driven into (red line) and out of (blue line) a box, by modula ng a switching linear DS.
t = 0.77s

Goal
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Figure 9: The robot has to avoid collisions with the human and return to the ini al posi on. The norm of the
es mated hand velocity comes from 0.45 to 0.6 m/s.
In the second experiment the robot has to keep the end-eﬀector in a ﬁxed posi on while the user tries to
hit it. The robot trajectory is generated integra ng the linear DS ṗ = 3(g − p), where g is the ini al reference
posi on. The human is tracked at 30Hz using an RBG-D camera and the OpenNI library (www.openni.org). A
Kalman ﬁlter is used to reduce the noise on the hand posi on es ma on and to es mate the hand velocity. To
implement the ﬁlter, we assumed a constant velocity in each me step. The robot is removed from the sensor
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depth map using a shader-based ﬁlter (github.com/jhu-lcsr-forks/real me urdf ﬁlter). The robot conﬁgura on
at six diﬀerent me instants, together with the robot end-eﬀector and the human hand trajectories, are shown
in Fig. 9.

3 Collision Detec on
Detec on of physical collisions is the innermost feature for a safe control of the robot behavior, since collision
avoidance cannot be always guaranteed in unpredictable dynamic environments. To be useful, real- me collision detec on must be very eﬃcient, in order to allow as soon as possible a fast robot reac on. This limits
the use of exterocep ve sensors, such as cameras, due to their low bandwidth. Moreover, achieving detecon based only on basic propriocep ve sensors is very appealing in terms of on-board availability (without
workspace restric ons) and limited costs.

3.1 Residuals
We have used the residual-based method originally proposed in [5] for es ma ng the eﬀect of external forces
arising in a collision during robot mo on. This method needs an accurate knowledge of the dynamic model
terms, but uses only robot joint posi on measurements, as given, e.g., by encoders. For a robot with rigid
links and joints, the motor torque τ applied to the robot is also needed, as commanded by the user, e.g., by
imposing motor currents, and fully independently of its origin (feedforward, feedback, model-based or PID
law, and so on). A powerful result is that the same detec on and isola on features are obtained also in the
case of robots wirh ﬂexible joints (of constant or variable s ﬀness), by replacing the commanded motor torque
τ with the joint elas c torque τJ , as measured by joint torque sensors [1].
For a rigid robot, based on its generalized momentum
p = M (q)q̇,
we deﬁne the residual vector r ∈ Rn as follows:
)
(
∫ t
(
)
T
τ + C (q, q̇)q̇ − g(q) + r ds ,
r(t) = KI p(t) −

(6)

(7)

0

with r(0) = 0, a gain matrix KI = diag {KI,1 , . . . , KI,n } > 0, Coriolis/centrifugal matrix C (of Christoﬀel
symbols) and gravity vector g. It is easy to show that each component ri , i = 1, . . . , n, is an independent,
ﬁrst-order, unity-gain ﬁltered version of the component τext,i of the unknown joint torque τext resul ng from
a collision that occurs at any place along the robot structure.In the ideal condi on of KI → ∞, which means
in prac ce that the gains should be taken as large as possible, we have
r ≃ τext .

(8)

Thus, a physical collision will be detected as soon as some norm ∥r∥ > rthres , being rthres > 0 a suitable
scalar threshold used to prevent false detec on due to measurement noise and/or model uncertain es ac ng
on r. Note also that when a contact/collision is over, the residual r will return to zero at an exponen al rate.
As men oned, for a robot with elas c joints (as the KUKA LWR arm), a similar residual can be built based
on the so-called link-side dynamics of the robot. The following residual has the same proper es as (7):
(
)
∫ t
(
)
T
r(t) = KI p(t) −
τJ + C (q, q̇)q̇ − g(q) + r ds ,
(9)
0

More details can be found in [1, 5, 9].
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3.2 Dis nguishing inten onal contacts from unforeseen collisions
According to our framework for pHRC, safety must be guaranteed even when a contact between human and
robot occurs. To establish the pathway toward physical collabora on, the robot has to dis nguish, a er a
detec on phase, between an unforeseen (thus, undesired) collision and an inten onal physical contact (which
may signalize the human desire to collaborate), and then it should react accordingly. Indeed, also in this case
detec on and reac on have to be as fast as possible.
In [8], we have proposed a signal-based method that used two ﬁlters working in parallel on the robot motor
currents in order to separate so from hard type of contacts. In that case, we worked on the motor currents
since no knowledge of the robot dynamics was available and there was no possibility of imposing torque or
current commands.
The idea was to apply a High-Pass Filter (HPF) and a Low-Pass Filter (LPF) to the motor currents. In fact, in
most robot tasks the desired mo on is smooth and repe ve in nature and the frequency content of the associated commands (in feedback of feedforward mode) is limited and predictable in advance. On the other hand,
noise as well as the eﬀect of hard (and thus uninten onal) collisions typically appear in the high-frequency
range of closed-loop control signals. A LPF cleans the signals from high-frequency noise, and possibly from
the eﬀect of hard collisions, while retaining the command frequencies needed for execu ng the mo on task
in a limited bandwidth. On the other hand, so contacts between the robot and a human (intended for collabora on) may be s ll recognized in the ﬁltered signal. A HPF removes components that are slowly varying in
me, down to constant oﬀsets. The ﬁltered signal will s ll be very noisy, but is mostly sensi ve to the eﬀect of
hard impacts (i.e., undesired/unexpected collisions). Therefore, by applying simultaneously a HPF and a LPF it
should be possible in principle to dis nguish between an inten onal contact and an unforeseen collision. This
guess was conﬁrmed by the detailed results presented in [8].
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Figure 10: By using signal processing by HPF and LPF, unforeseen collisions can be dis nguished from intenonal contacts.
The same concept of double ﬁltering could be extended also to the residual signal, as generated by (7) or (9
and sketched in Fig. 10. This signal contains in fact much more structured (and model-based) informa on with
respect to the motor currents and is well suited to separate behaviors based on frequency contents, especially
in posi on-controlled robots like the KUKA LWR. However, we found out that the most reliable results with a
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residual-based approach were obtained by exploi ng the (low-pass) ﬁltering ac on of the residual itself. This
is described in the following (yet unpublished results).
From (7), the dynamics of r is, component-wise in the Laplace domain,
Wj (s) =

KI,j
rj (s)
1
=
=
,
τext,j (s)
s + KI,j
1 + sλj

j = 1, . . . , n,

(10)

which represent n decoupled low-pass transfer func ons with unitary gains. The ﬁlter constants λj = 1/KI,j
corresponds to a cut-oﬀ frequencies fcut,j = 1/2πλj = KI,j /2π. Therefore, the bandwidth of the j − th
ﬁlter is propor onal to the corresponding value of KI,j in the gain matrix KI : the larger is the gain, the easier
is to recognize fast contacts, such as undesired collisions.
To dis nguish in eﬃcient way the nature of the contact, we have considered two residual vectors rL and
rH working in parallel and having diﬀerent bandwidths, as obtained from two diﬀerent diagonal gain matrices
KL and KH respec vely, with KH,j > KL,j , for j = 1, . . . , n. So contacts will excite in the same way both
residuals rL and rH . On the other hand, hard and fast contacts will be excite rH more than rL . For sake of
simplicity, consider a generic joint j and the associated residual components rL,j and rH,j . Their frequency
responses WL,j (f ) and WH,j (f ) are shown in Figure 11. Deno ng by fcont the generic frequency content in
a human-robot contact, if fcont belongs to both residuals bandwidths, i.e., fcont ≤ fcut,L,j (< fcut,H,j ), the
contact will be considered as inten onal (green area in Fig. 11). Otherwise, if fcut,L,j < fcont ≤ fcut,H,j , the
contact will be considered as an undesired collision (red area in Fig. 11). Finally, if fcont > fcut,H,j the contact
will not be perceived, at least instantaneously, by the robot.

Figure 11: Frequency responses of rL and rH and classiﬁca on of contact types.
At this stage, in order to uniquely discriminate the two type of contacts, we deﬁne a signal σ(t) that indicates the presence or not of an undesired collision. It is computed as
{
r̄
(t)
1
if ∃ j ∈ {1, . . . , n} : rH,j
≥ σth,j
L,j (t)
σ(t) =
(11)
0
else,
where

{
rH,j (t)
r̄H,j (t) =
0

if |rH,j (t)| ≥ rth,j
else.

Since at the cut-oﬀ frequency fcut,L,j we have an a enua on of 3dB, to be consistent with Fig. 11, we have
chosen as threshold for classiﬁca on a value σth,j ≥ 10−3/20 ≃ 1.41. Moreover, since a residual with higher
cut-oﬀ frequency is more sensi ve to torque measurement noise, a threshold rth,j > 0 has been introduced
to prevent false collision detec ons during robot mo on.
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Figure 12: Experiment for dis nguishing the nature of contacts. The components of rL and r̄H associated
to the ﬁrst robot joint and their threshold rth,1 = 16 Nm are shown at the top, while signal σ(t) evaluated
from eq. (11) is shown at the bo om. Undesired collisions are correctly detected at t = 1.6 s, t = 22.5 s and
t = 28.3 s.
This method has been tested on the KUKA LWR (type 4+) and the best performance was obtained using
the following parameters: kL = 5, kH = 60, σth,j = 1.8 and rth,j = 16 (for all j). The robot is performing
an hexagonal trajectory with its end-eﬀector when a human enters accidentally in the workspace, without
any inten on to collaborate (see the situa on depicted at the bo om-right of Fig. 10). Figure 12 shows the
components of residual vectors rL and r̄H associated to the ﬁrst joint and the signal σ(t). When the robot
hits the human, an undesired collision is detected (at the three instants t = 1.6 s, t = 22.5 s and t = 28.3 s)
and the reﬂex reac on strategy is used to drive away the robot from the human and to then to stop it. A er
a few seconds in which the robot remains at rest, the task is resumed. Note that, when the human wants to
collaborate with the robot and touches it so ly (as in the situa on depicted at the top-right of Fig. 10) σ(t)
remains at zero as it should be in case for so contacts. This happens for the contact events star ng around
t = 13.6 s and t = 37.1 s in Fig. 12.

4 Collision Reac on
Once an undesired physical collision has been detected the robot switches as fast as possible from the control
law associated to normal task execu on to a reac on control law. A series of alterna ve reac on strategies
have been considered and implemented, see Fig. 13, mostly based on the value of the residual r and on the
use of diﬀerent thresholds.
Beside stopping the robot, the basic reﬂex reac on once the collision has been detected is to apply a
reac on torque, including gravity compensa on, of the form
τR = KR r + g(q),

KR > 0 (typically, diagonal)

(12)

for the rigid robot case. For the KUKA LWR, because of its joint elas city, the reac on command is modiﬁed as
τR = KR r + ḡ(θ),

(13)

where ḡ is a quasi-sta c approxima on of the required gravity compensa on which uses only motor measurements θ and guarantees passivity (see [2]). This torque is then fed via the FRI as a user commanded torque (in
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impedance mode), that will be realized by the low-level KUKA controller using joint torque sensing. The result
is that the robot ﬂies away from the collision area (disregarding the original task).
Not all of the reac on strategies abandon completely the original task execu on. For instance, a me
scaling of the original joint or Cartesian trajectory can be realized [9] for mild collisions, so that the robot
stops or moves back along the previous path and recovers forward mo on as soon as the collision is over. So,
the trajectory is scaled in me but the originally planned path is never le by the robot, unless a very cri cal
collision is detected. In [3], the redundancy of the robot with respect to the original task (e.g., the end-eﬀector
tracking a desired trajectory) is exploited by accommoda ng the robot reac on command in a suitable dynamic
null space. As a result, the Cartesian task execu on is preserved in full or par ally, provided that the residual
signal r does not reach a higher safety threshold. Otherwise, the persistent contact may lead to a poten al
human injury, and then the task is eventually abandoned. More details can be found in [1, 3, 4, 9].
Finally, we remark that a variety of reac on strategies is being developed within SAPHARI in response to
the human inten on to collaborate with the robot, as recognized through inten onal physical contact, hap c
touch, voice, or gestures. These are not included in the present document.

Figure 13: Por olio of robot reac on strategies (excluding those intended for collabora on)
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