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Abstract—In this paper we discuss the integration of active effective and economic real-time obstacle detection. Ia th
and passive approaches to robotic safety in an overall scheme |ine, Ebert et al. [9] proposed an emergency-stop approach
for real-time manipulator contro_l. The active control ap_proach based on an ad-hoc developed vision chip; Kuhn et al. ([10])
is based on the use of a supervisory visual system, which detects . . .
the presence and position of humans in the vicinity of the useq .m_ult|ple cameras to detect obstacles in the workspace;
robot arm, and generates motion references. The passive coat  10ssifidis [12] use a stereo camera system able to detect and
approach uses variable joint impedance which combines with avoid obstacles on white tables.
velocity control to guarantee safety in worst-case conditions,a. Many reactive planning methods are based on the idea of
unforeseen impacts. The implementation of these techniques yoisjve potential fields originated in [13]. In these noets,
in a 3-dof, variable impedance arm is described, and the . . .
effectiveness of their functional integration is demonstrated repulsive force; are generateq in the robpt operat|gna:lespa
through experiments. Erdmann [14] introduced the idea of using repulsive forces

in configuration-spaceCtSpace), generated in the vicinity
I. INTRODUCTION of C-space obstacleg{Obstacle). Rimon, in his Ph.D the-

Work-space sharing between human operators and robosiis [15] proposed a method to obtain directly the torque for
manipulators is often necessary during the calibration @bstacle avoidance in a single step adopting the gradiemt of
repairing processes of industrial manipulators, and is theavigation function. Unfortunately, most obstacle avaitk
usual working mode for service robots. As a consequenc@ethods are often unable to accommodate for time varying
the real time control of robots to guarantee safe physic&nvironments, because of the relatively high computationa
coexistence of human operators and robotic manipulatas h@quirements.
become a very active research field in recent years (c.f. [4])

To guarantee safety of humans, and avoid damage to
robots, unexpected collisions should be avoided whenever
possible. However, since avoiding all chances of a coliisio
is hardly possible, and very costly in terms of performance,
all measures should also be taken so that only acceptable
damage can result from impacts. For different applications
the best trade-off should be studied between a certain degre
of tolerable risk of impact, and the minimization of ensuing
danger.

Current practice in industrial robotics is to use proximity
sensors (e.g. laser beams) to detect the presence of an
operator in a vicinity of the robot, and to stop the taslf:ig. 1
execution (ISO 10218 [1]). Considerable work has beeprsuilts.
devoted by the robotics community to overcome this quite
conservative approach, and to allow degrees of coexistencelhe literature on passive safety is also rather extensive.
and interaction between humans and robots. To do so, actiV8e straightforward approach to obtain a safe robot cansist
collision avoidance policies have been advocated, whieh ain designing lightweight arm structures and controllingrth
based on i) real-time detection and localization of humari® move slowly enough. However, these requirements often
in the robot workspace, and ii) reactive planning algorghmconflict with requirements on accuracy and promptness of
to avoid collision. response. Several researchers have proposed to use robots

Detection and localization has been addressed by eiwith variable compliance at their joints, so as to adapt to
ploying different sensing techniques. For instance, thekwo different tasks and deliver performance while guarantgein
in [7], [8] uses capacitance proximity sensors to identifysafety. Previous work in our own group [2] has championed
presence of obstacles and avoid impacts with the whotbe design of variable stiffness actuators, and has shown

arm. More recently, advances in artificial vision have eedbl that optimal performance under safety constraints can be
translated in a control paradigm described as “stiff and
This work was not supported by any organization slow, fast and soft”. In [6], a computationally efficient,
Interdepartmental Research Center "E. Piaggio”, Faculty Eof- . . . . .
gineering, University of Pisa, via Diotisalvi 2, 56126 Ris#taly suboptimal approximation to the optimal solution of thefésa
ri ccardo. schiavi @ng. unipi.it brachistochrone” problem underpinning this paradigm was

Unipi SofArm: manipulator used to perform the experitaén



proposed, which can be expressed by the formula
f(U,U) = Ko, (1)

whereo is the joint stiffnessy is the joint velocity, andk,, Camers_
is a constant depending on the link and rotor inertias, thre ar
configuration and parameters, and expressing the accepta
level of injury risk.

The aim of this work is to implement a control method
able to integrate active and passive control policies to infig. 2. By projecting the manipulator points in the the collision is
prove safety for robots that must coexist with humans. Th@valuated comparing the obstacle and the manipulator depth. map
idea is to combine active methods for human detection and
localization, with the possibility of setting differentviels . . -
of passive safety, so as to make the robot aware of theThe pom_ts of the manlpulat_or |n_|ts own reference frame
situation and maximize the overall performance by activel an be easily computed hy using direct kinematics. To trans-

adapting to it. The paper is organized as follows: in sedfion orm these coo:dmates tc))n thedcaometrha frame, t?e extrltr;]slc
we describe a computationally efficient method to constrydmera parameters can be used. n the camera irame, the
the C-Obstacle in real time from depth map information. coordinate of a point represgnts its depth. U§|ng thg it
Section IIl we illustrate how repulsive forces are gene&iatecamera parameters the points can be projected inlfhe

on the basis of th&-Obstacle corresponding to deetected obtaining the manipulator depth ma'Mé“?(q))' For this .
g rpose a manipulator model is used, which can be obtained

Manipulator

Grey area

~—— Obstacle / Manipulator depth map

human presence in the workspace. Section IV introduces t erpo 3D CAD b imati bini
integration of information on human presence and localiz Y using programs or by approximations combining

tion, with the control of variable stiffness actuators ire th eletmifntatr);hshapets such afls cyllndersband spheres. detns does
robot arm. Finally, section and section reports simulatiod not affect the system performance, because Mg, data

experimental results obtained by implementing the pro@os%et can be co_mputed off-ling wheqev_er the rglatlve position
methods. etween manipulator and camera is fixed during the task.

It should be noticed that any other depth map on a different
I. C-Obstacle MAPPING plane with respect to th&P will not consider all the grey

] ] __ points as a part of the obstacle.
In this section the method adopted to detect the collision pp, elementary cells representation of tideSpace is

configurations of the manipulator is presented. Traditiongptained considering a discrete set for the configuration of
collision detector works in a three dimensional Euclideag,e manipulator. A cell is included in the-Obstacle if the
space using a 3D model for manipulator and obstacles. Thgrespondent configuration verify the condition 2.

3D geometrical techniques adopted to detect the CO”'S'O”Amanipulatorconfiguratioqis on theC-Obstacle if there

configurations require high computational capabilitiesb® oyists a pixel(z,y) in the IP that satisfies the relation
able to work in real time usually rather rough approximation

have to be imposed on the 3D shapes (cf. e.g. [16]). Mam(x,y) = Ogm(z,y) — €, 2
Our approach consider the camera Image PldRg 10 Wgeree is a safety-margin parameter.

detect the obstacles. The novel of this approach is to reduc A fimati  the mini st betw st
the collision detection to a comparison between matrix “ €Simation ofthe minimum distance between obstacles
elements. and the manipulator is

A. Obstacle and Manipulator Depth Map (e)e1P Oam(@,y) = Mam(@)(z, )

Consider the projection on the Image PlaH®) of manip- On Fig. 3 an example af-Obstacle is presented. As shown
ulator and detected obstacles. To detect a collision carfigu in [10], [3], the minimum distance can be used to tune
tion q a necessary condition ([11]) is to have an intersectiothe robot behaviour by limiting the maximum velcoity or
of the two projections. A more restrictive condition can beeducing the acceptable injury rigk, in (1). This measures
obtained considering the depth maps of the current obstacleave also the effect of increasing the human feeling of gafet
and manipulator configuration as shown in Fig. 2.

A Depth Map is a 2.5 coordinate system, y,d) where
the coordinater,y identify a pixel on the image plane, To avoid collision against obstacles we adopt a so calied
and the valued is the positive depth of the object on theForce method. The idea is to add to torques generates by the
projection ray of the pixek, y. Using stereo vision methods free motion controller (about which we make no particular
or special depth sensors such as PMD cameras (PMD|visioa}sumption here), a torque relatedCt&pace distances.
Camera), 2D scan lasers (e.g. SICK Laser Rangefinder withLet us consider thé-Obstacle as composed by elementary
laser pant/tilt unit) or integrated stereo vision syste¥iddre cells, because of the discretization done on the joint posi-
design STOC, TXYZ DeepSea, ...) the object depth maiions. Each elementary cell produces a force with module
(Oam) can be obtained in real time. related to the distance between the actual configuragion

IIl. AcTiVE COMPLIANCE: REPULSIVEC-FORCE
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Fig. 4. COG variation: th€-Obstacle computation of a static object is
o subject to noise, then the COG is quasi-static (A). If thetatle is moving
e ° the COG position change (B).
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Fig. 3.  DetectedC-Obstacle: each C-Obstacle cell correspond to a \yhere AB; (Fig. 4-B) is the variation of the COG position

manipulator configuration which a collision with the obséadccurs.Fr . . . .
represent the€-Force obtained in this example if the actual configuration for thei-th cluster, andAt is the time between two different

is g. measures.
The unit vector fromq to the actual COG positioi;
(Fig. 5) is
and direction given by the straight line joining the cell and . q - B;
q. To reduce the computational requirements the repulsive I = mv

force can be computed only f@t-Obstacle cells near toq
because of the contribution produced by far cells is ndgigi The component oV; who act onq is the projection ofV;
(Fig. 3). This allows to rely only on local information, thus

reducing the sensing and computational capabilities rieede o

The repulsive force can be expressed as o) Vi -y
i lg
/

N 2By |V‘\c0s 5 v,
1

Nco
1 - o
Frs(q) = Ks ; mUi = Kg ZFRquj ) B ) " fr

Jj=1 q

where N¢ is the number of the considered celld)) a o

function of the distancd/; = “1:78” the direction between (AL a
thei-th cell and the current configuratiof;s a proportional B~

factor, and N the dimension of the’-Space. Because of v,

the definition of C-Space the j-th component of theC-

Force represents the force/torque to be applied on the fig 5 Repulsivec-Force composition considering the variation of the
th joint to perform the collision avoidance maneuver. The-Obstacle COG position.

torque applied to the controlled joint) can be expressed

as on the line betweeiy and B;, its module can be expressed

T:Tc+FRs(q), as

where 7¢ is the torque generated by the free motion con- Vil cos; = (Vi, I;) . ®)

roller. .
trolle whered; is the angle formed bW; andI; on the common

A. Obstacle Movements plane, andl; is the direction. The repulsive forcEg to

. implement the collision avoidance maneuver is
To extend theC-Force approach to moving obstacles, a P

measure of the obstacle velocity must be provided to the sys- N
tem. Each object can be mapped into th&pace with one Fr(q) = Frs(q) + KZ |Vi|cos0;1; ,
or moreclusters, composed by neighbor cells, whose center i=1

of gravity (COG) can be computed._ A moving barycente\rNPereNd is the number of the considered clusters.
can be detected also for non moving objects because 0
noise on sensing devices. It is reasonable to assume that in

this case the COG of the agglomerates is subjected to smgll Manipulator Movements
movements only (Fig. 4-A). To improve safety of th€-Force approach also informa-
A real obstacle motion will change at least one betweefion aboutq = % can be used.
size, shape and location of th@Obstacle, consequently  The relative velocities between manipulator and obstacles

varying the position of the COG (Fig. 4-B). can be approximate with the relative velocities betwegn
The measured velocity for the COG of thh cluster can  gnd theC-Obstacle clusters as

be defined as
i— A i ’ i
V n | V REL;

_‘ABi
LAt

A COSGZ-—‘%‘COS%, (4)




% however it ensures the respect of a safety distance to the
: obstacle (human operator) even if the obstacle is moving.

B,it,) .
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. o5, "' . IV. PAsSIVE COMPLIANCE - VARIABLE STIFFNESS
ilcos F, TRANSMISSION(VST) ACTUATORS

q, To ensure safety against undetected or fast moving ob-

q‘/ stacles, passive techniques such as shown in [5] can be
combined with any of the previous methods.

Fig. 6.  RepulsiveC-Force composition considering the manipulator ~ 1he manipulator employed in our experiment is the UNIPI
movements. SoftArm, a 3DOF manipulator actuated by McKibben mus-
cles on agonistic-antagonistic configuration. As demaestt
in [2] the stiffness can be controlled changing the total
pressureP, common to the antagonistic muscles. The joint
stiffness could be limited in order to improve safety, bus th

wherey; is the angle betweed and; on the common plane
(Fig. 6). Under these assumptions the tatefforce is

Net will cause a limit on the maximum torque, and consequently
Fr(q) = Frs(q) a bound on performance. As exposed in [6] an optimal
i=1 tradeoff between safety and performance could be obtained

It should be noticed that the COG evaluation processolving theSafe Brachistochrone, whose solution represents
should be not feasible runtime in a real-time applicationthe minimum time needed for the manipulator to reach the
To simplify the overall system only movements of cells offinal position under safety constraints.
the C-Obstacle near to the actual manipulator configuration For the sake of simplicity, instead of solving the optimum
can be considered. control problem (equation 1), a suboptimal solution can be
considered. Adopting the linear approximatiffv, v) = ov

C. Bvasive Manewver without COG Computation the stiffness reference for theth joint can be obtained by
In the previous section the repulsive force was considered/aluating

as composed by modul¥ ggr, |, and dlrectlonl If instead

of the COG we consider the neighboring cells of the actual
conﬂguratlonq we can assume as direction the unit vector
V = N Zz . U;, and as relative velocity the variation of where K is a scale factor and; is the angular velocity of

1
oj o<Ptj :Kla,
j

the mean distance the j-th joint. This method allows low impact forces but, the
N ¢; tends to zero during an impact or in clamped condition

Adm — Z da,j(t) = dar(t + At)qj _ and this could increase the injuries on the human operator.

At = At An alternative approach is to control the joint stiffness

proportionally to an estimation of the risk of collision, in
order to decrease the stiffness only when necessary. The ris
of collision depends on manipulator/obstacles distanoes a
relative velocities, then an estimate of the risk of cadiisis

. already given by the repulsivé-Force value.
Fr(a) = Frs(a) + K< The C-Force VST (CF-VST) of the j-th joint is obtained
We call this methodvID C-Force (Mean Distance C-Force). as

where dyy ;(t) is the mean distance betweenand theC-
Obstacle cells on the j-th component of th&Space.
Under these assumptions td~orce can be expressed as

AdM1

V>V

An alternative approach is to consider the repulsive force P, = 2#,

due to the distance between the current configuration and ’ Fg,(q)

the C-Obstacle (Frs(q,t)) and its time derivative, yelding where Fr; is the repulsiveC-Force applied to thej-th joint.

asC-Force An appropriate control of the joint stiffness could reduce

Fr(q.f) = Frs(q.{) + Frs(a,t) —Frs(a,t — A?) injuries, hence the choice of the VST control is extremely
At important. As shown in the experimental results the best

We will refer to this method a®D C-Force (Proportional  tradeoff between safety and performance is obtained using

Derivative C-Force). the CF-VST control because it works with the maximum

ThePD C-Force method relays on the derivation of a valueperformance if no objects are detected, and have low impact
dependent to the inverse of a distance producing a contrahd clamping forces. The reliability of the vision system
characterized by an high-bandwidth. Instead, MB C- represents the core of the system. Indeed safety is notmuara
Force relying on the variation of a mean distance causetged if theC-Obstacle is not correctly evaluated. Combining
a smoother control. the V-VST and the CF-VSI, a degree of redundancy can

It should be noticed that our method does not guarantde obtained. An approach to combine the tM®T control
to perform the optimal trajectory, in the sense of minimunmethods is to adopt a time varying approximation of the
time or distance, or to have a single stability configurationoptimal solution (equation 1) assumig, = K1 —vFr,(q).



Under these assumptions we obtain than a threshold that depends on the value. TheMD C-
1 Force (dot-dashed line) and thBD C-Force (dashed line)

P, = (K1 —vFg,(q)) 7 avoid the obstacle with an evasive maneuver.
J

where v is a parameter related on vision subsystem reli
ability. This solution follows the human approach to avoic o —r’ 7 1

obstacles when the visual feedback is not guaranteed.dnde e
if visual is limited, humans use low stiffness perceiving ¢ S
collision risk, and usually they adopt low stiffness while e
moving at high velocities. '

Collsion .~/ N

" Moving C-Obstacle

V. SIMULATION RESULTS ® e /‘

To demonstrate the effectiveness of our approach tt
obstacle avoidance algorithms are tested in a simulat : . Start configuration
environment. A point to point task in a two dimensioial |
Space is simulated until the target configuration is reache: - ”3 R = -
or a collision occurs. The-Obstacle is simulated with
a static or moving ellipse; the simulator considers the\*ig. 8. Simulation with a moving-Obstacle. Using only theFrs(q) a
the obstacle avoidance algorithm knows the real positiosvllision occur (solid). BottMDC-Force (dashed) andPDC-Force (dotted)
of the C-Obstacle only every At seconds. Whenever the avoids the obstacle. ThE’DC-F_orce methoq requiring‘ a ;hort_time to

" . . reaching the target because of is characterized by a higiwidih, instead
position of theC-Obstacleis updated it is represented dashedypc.rorce is characterized by a more fluid trajectory.
Start and target configuration, manipulator mobility, ahd
Obstacle features are completely user-customized.

With these simulated 2D representation(Bpace envi-
ronment the results obtained with a static and mouihg
Obstacle are shown.

1) Satic Obstacle Avoidance: Fig. 7 shows the configura-
tions trajectory (solid line) performed adopting the regpee
C-Force method with a stati€-Obstacle. The repulsive force
doesn’t acting when th€-Obstacle is far from the actual
configuration (start configuration to A), a safe distance is
insured when th€-Obstacle is near (A to B), then the target  The presented methods are tested in real environment
is reached with a straight trajectory (B to target). using theUNIPI Soft-Arm manipulator (Fig.1). In the first
part the proposed/ST methods are tested evaluating the
impact forces to verify the results of section IV. In this

Using the PD C-Force method the target is reached in
shorter time than other method, due to its high bandwidth.
The trajectory of thé>D C-Force method is composed by fast
changes of direction, that the human operator could fesl thi
unsafe. The trajectory of th®ID C-Force method is more
fluid, such that the operator perceive an higher safety .level

VI. EXPERIMENTAL RESULTS

remaivecros f case the obstacle avoidance module is not executed. In the
: Toraet second tests set a virtual obstacle is simulated, to veniy t
. effectiveness of the obstacle avoidance module, whileén th
_ sutccomsude final part a real object in the task space is considered. An
4,

Arimoto controller is employed in all these tests to gererat
the nominal torques used in free motion.

A

Start Configuration A. Variable Siffness Tests

The VST methods introduced in section IV are tested
' . ) . - ) . considering at first a free collision movement, and then
Fig. 7.  Static obstacle avoidance simulation: the statictamtis is ; . .
represented by an ellipse, the configurations trajectoojid(dine) is all  Crashes with a fixed obstacle equipped by a force sensor.
in the C-Free then the obstacle is avoided. The repulsiiorce doesn't  The contact forces during the impact and after collisiors ar
acting when theC-Obstacle is far (Start to A). when the obstacle is near ;
a safety distance is maintained (A to B), then the target ishrea with a eva.lu.ated to compare the differeWBT methods. The .free
straight trajectory (B to target). collision task for differentvST methods are shown in Fig. 9.
Performance can be evaluated comparing the step response
Using the other presenteForce method the same tra- characteristic.
jectory of Fig. 7 is obtained. In Fig. 10 are shown the results of collisions with a
2) Moving Object Avoidance: In the simulation displayed clamped force sensor.
in Fig.8 a movingC-Obstacle is considered. It should be In table | are shown the numeric results thus obtained. The
noticed that the static repulsiv&Force method (solid line) method performance are evaluated considering the overshoo
collide with theC-Obstacle because of th€-Obstacle is too  and the mean configuration error compared to the reference.
fast; TheC-Obstacle can be avoided if its velocity is less The safety is characterized by the peak force at the impact




] occur), and the obstacle is avoided. The repulsive force act
P S, S ———— on the manipulator even if the straight line between actual
1 configuration and the target is included in the-ree.
¥ In all the tests the obstacle is avoided but two kind of
undesired stability condition has been detected. The first
happen when the repulsive force is equal to the force
given by the free motion controller, while the second when
) : : . the repulsive force impose to the manipulator to move to
the workspace boundary. This happens when the desired
Fig. 9. Free collision tasks with differeMST methods. The performance trajectory is external to the manipulator workspace. Irhbot

differences are clear considering the overshot the deldytansetting time. these conditions the manipulator holds its position
Quantitative values are shown in Table I. ’

C-Obstacle
—— Configuration
trajectory

=== Repulsive
force

ENNT

Fig. 10. Clamped collisions for differeMST methods. Quantitative values _. . .
are shown in Table 1. Fig. 11. Test result on a 30-Space with a simulatedC-Obstacle, the

manipulator trajectory (solid) is all in the-Free then the obstacle is avoided.
From the start configuration to the first target can be notedhtm optimality
. of the repulsiveC-Force method. A representation of repulsigeForces is
and the impulse computed as displayed dashed.

t*+3 sec

Impulse (.= / F(t)dt

-

where F'(t) is the contact force and" is the impact time. C. Tests With Real Obstacles

The impulse value consider the clamping forces that is In the second test set the obstacles (parts of a human

an estimate of the human injury when is clamped by thody) are detected by using the Vision Subsystem and the

robot. The differentVST methods in Table | are: MAX with C-Obstacle representation is computed using the collision
TABLE | configurations detector. A specific task is requested to the

manipulator, and a human enters in the task space during the

task execution. If the human obstacle is quasi-static fetyga

l [ MAX T MIN T V-VST [ CF-VSTa| CF-VSTb |is guaranteed and the desired task is completed. A collision

VST TEST RESULTS

MOVQrShOt‘? 5 (l)'ﬁ 109-1197 (7)-‘111 é-ﬁ (1)-‘11? could occur if the human velocity is greater than a threshold

ean error (ra . . . . . . .

Peak force (N) || 175.67 | 124.08 | 143.17 | 146.05 10407 re_Iated tp thfa depth sensor bandwidth and charapterlhnlcs.
IMPUISE sec (NS) || 20.54 | 12.19 | 20.78 10.61 099 |Fig. 12 is displayed a test where the obstacle is a human

hand.

constant stiffness at00%; MIN with constant stiffness at

68%; V-VST and CF-VSTa with a variable stiffness between VIl. CONCLUSION AND FUTURE WORKS

100% and 68%, and CF-VSTb with a variable stiffness ) ) )

between100% and 30%. If the stiffness is belows8% the In this paper a novel approach based on active and passive

arm workspace decreases, for this reason is used only wi§fhniques to ensure human-robot coexistence is illestrat
the CF-VST because of if an obstacle is detected safety [ @pproach relies only on depth map information and

privileged with respect to performance. Variable Stiffness, and is able to avoid moving obstacles
guaranteeing safety even if the depth sensor fails.
B. Smulated C-Space This approach can be improved by using multiple depth

In this tests set th€-Obstacle is simulated with various sensors in order to integrate multiple obstacle depth maps
positions, dimensions and shapes. Fig. 11 shows a simulatbat will reduce the grey areas: This is an important issue
C-Obstacle and the configurations trajectory obtained. Itfor the quality of the obstacle approximation. Future work
should be noted that the configurations trajectory are omill concern the detection of human, by employing a model
the C-Free (the subset of the’-Space where no collision of the human body.
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Fig. 12. Test result with real obstacle, the image is obtagugmrimposing
some captured frames. The manipulator is commanded with a pgairo
task. Using the proposed method the target configuratiorachesl avoiding
the operator hand.
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