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Abstract In this paper, a method for managing redundancy for a mobile robot
manipulator is proposed, which is aimed at kinematic control of the sys-
tem in interaction tasks with humans. The method considers those parts
of the manipulator structure —virtual end-effectors (VEEs)— which
could potentially hit objects or persons during human-robot interac-
tion. The positioning of each of these various VEEs is considered as
a lower-priority task in the inverse kinematics resolution of the robot
manipulator, while the order of priorities is dynamically changed during
task execution. In addition, it is shown that suitable trajectories are
to be planned for VEEs using sensory data, e.g., with potential field
methods. A simulation case study for anthropic domains is proposed.
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1. Introduction

Human-robot interaction addresses important issues to avoid that the
physical body of a robot could result in damages to humans. In the lat-
est years the attention was focused on cognitive aspects of the growing
interaction from robots and humans, like mental models and interfaces.
It is important to notice that the presence of physical “bodies” is a
crucial aspect in the interaction between humans and robots. In partic-
ular, physical human-robot interaction (pHRI) addresses the two crucial
issues of safety and dependability, especially when environments are un-
structured. The physical interaction with a robot in anthropic domains
becomes every day more interesting for assistance and service robotics in
the houses and for the elderly-dominated society. The EURON project
PHRIDOM (Albu-Schaffer et al., 2005), e.g., is addressing these issues.
The crucial goals of safety and dependability are related to technical
issues such as collision avoidance, redundancy resolution, compliance
control and sensory-based safety systems for close interaction.

Safe and dependable interaction can be accomplished both in a passive
and in an active fashion. Passive safety is introduced, e.g., using springs,
elastic joints (De Luca, 2000); other interesting techniques were also
proposed, like the variable-stiffness actuators (Bicchi et al., 2001) and
the distributed macro-mini actuation (Zinn et al., 2002). To improve
safety, and also to add dependability for the users, active control of
the physical interaction is to be considered. Force control (Siciliano and
Villani, 1999) and safe postures of robot manipulators should be focused
as fundamental issues. In addition, the whole kinematic structure of a
manipulator must be controlled, because the robot can hit a person with
different parts of the structure.

This paper considers the problem of controlling the positioning of cru-
cial parts of the kinematic structure of a robot in interaction tasks, which
are termed “virtual end-effectors” (VEEs). Proper Closed-Loop Inverse
Kinematics (CLIK) schemes (Siciliano, 1990) are adopted to achieve
resolution in the presence of redundancy, so as to take into account
the issues discussed above in the positioning of such VEEs. Each VEE
is controlled with a different level of priority with respect to the task,
programming the positioning of each dangerous part of the articulated
structure in a safe configuration; then, the priorities between the tasks
are handled in a hierarchical inverse kinematics scheme (Siciliano and
Slotine, 1991). The trajectory planning phase is designed to make the
multiple VEEs approach suitable to control of the interaction. In detail,
an obstacle avoidance technique based on the well-known potential field



method (Khatib, 1986) is adopted to dynamically change the priority
order according to the position of goals and objects in the environment.

2. Modelling

The application domain hereby considered is domestic assistance. For
dependable pHRI a redundant mobile robot is needed: movements in a
room, objects picking and other tasks may be accomplished, for instance,
with a manipulator mounted on a mobile base.

2.1 Kinematics

The mobile robot manipulator considered for the purpose of the present
study has the kinematic structure of Fig. 1, which is equivalent to the
assembly of a commercial mobile robot (Pioneer PowerBot) and an in-
dustrial robot manipulator (Comau Smart-3S), although the method is
at all applicable for any kinematic structure with a known Jacobian. In
the figure, several critical points are evidenced (A, B, C, D, E), which
describe those extremities of the robot that can collide with a human
being. Also, they are crucial in order to locate the positions of the ma-
nipulator links, since the robot can run into an obstacle not only by a
VEE, but also with an intermediate point between two VEESs located on
a link.
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Figure 1. Mobile robot manipulator with VEEs A, B, C, D, E

It should be pointed out, however, that safety issues suggest using
accurate sensor information to localize goals and obstacles, lightweight
structures and other additional facilities to make the robot intrinsically
safe in event of collisions. Here, however, only kinematic aspects are
focused. By the way, the manipulator should be lightweight, while in-
dustrial manipulators are heavy and cart robots able to carry them are
not yet available for potential use in houses.

2.2 Redundancy resolution

Redundancy resolution is related to the problem of finding movements
of available joints that respect the desired motion of the end-effector,



while satisfying some additional task. The solution of the problem can
be found on the basis of the well-known differential mapping

p=J(@)q (1)
where
p=lz y 2|
q:[Q1 q ... Qn}T

are respectively the end-effector position vector and the joint position
vector of an n-DOF mobile robot manipulator, and J denotes the usual
Jacobian. For the purpose of the present work, the end-effector orien-
tation is not considered, while n = 8, i.e. 2 DOF’s for the mobile base
and 6 DOF’s for the manipulator. Since the robot is redundant (n > 3),
the simplest way to invert the mapping (1) is to use the pseudo-inverse
of the Jacobian matrix, which corresponds to the minimization of the
joint velocities in a least-square sense (Sciavicco and Siciliano, 2000).
Because of the different characteristics of the available DOFs, it could
be required to modify the velocity distribution. This might be achieved
by adopting a weighted pseudo-inverse J ;r,[,

Ji, =w gt agw-1gh)-! (2)

with the (n x n) matrix W1 = diag{1, B2, ..., Bn}, where j3; is a weight
factor belonging to the interval [0, 1] such that 3; = 1 corresponds to full
motion for the i-th degree of mobility and 3; = 0 corresponds to freeze
the corresponding joint (De Santis et al., 2005a).

Redundancy of the system can be further exploited by using a task-
priority strategy (Nakamura, 1991) corresponding to a solution to (1)of
the form

qa=J(@v+ (1, - Ty (@) (@) 4 (3)

where I,, is the (n x n) identity matrix, q, is an arbitrary joint velocity
vector and the operator (I n—dJ ;r,VJ ) projects the joint velocity vector

in the null space of the Jacobian matrix. Also in (3), v = p;+ k(py — P)
which provides a feedback correction term of p to the desired position pg,
according to the well-known CLIK algorithm, being k£ > 0 a suitable
gain (Siciliano, 1990). This solution generates an internal motion of the
robotic system (secondary task) which does not affect the motion of the
end-effector while fulfilling the primary task.

The kind of secondary tasks employed for the algorithm discussed in
this work are based on the inverse kinematics of a reduced part of the



structure. As an example of positioning of different parts of manip-
ulator (rather than only the actual end-effector), consider the human
arm: the structure is redundant for the positioning of the hand, and
thus it is possible to position the elbow (which can be considered a first
VEE); the so-computed joint values can then be used as references for
the positioning of the wrist (second VEE), and so far for the hand (real
end-effector) (De Santis et al., 2005b). Therefore, a hierarchical solution
of redundancy is achieved, where the various lower-priority tasks are to
be selected according to some suitable criteria (Featherstone, 1988).

3. The multiple VEEs approach

Virtual end-effectors (VEEs) are parts of the manipulator structure,
whose positions are to be controlled in addition to the control of the
end-effector of the mobile robot manipulator. In detail, let q; denote
the vector of the n; joint variables which determine the position p, of
the i-th VEE. Therefore, the differential mapping for the VEE is

D = Ji(qz‘)qz‘ (4)

where J; denotes the associated Jacobian.

The multiple VEESs approach is hereby introduced in a general fashion,
by adopting a multiple task priority strategy for specifying secondary
tasks, along with a proper trajectory planning technique for the desired
motion of each VEE. The result is a nested N-layer CLIK scheme, where
N is the number of considered VEEs. To this regard, please notice that
the end-effector is included in the counting of the VEESs; in fact, it may
well be the case the highest priority be assigned to an intermediate VEE
other than to the end-effector, say when an obstacle is obstructing the
end-effector motion.

With this approach, the control of different points is not considered
in a global matrix, but with multiple mappings. The VEEs approach
can be used for maneuvering a kinematic structure in a volume, e.g., for
tube inspections and endoscopy with snake robots, by considering the
most critical prominences of the structure as VEEs.

3.1 Nested closed-loop inverse kinematics

Inverse kinematics with the VEEs approach orders the VEE posi-
tioning tasks according to a priority management strategy. Since the
trajectories of lower priority VEEs are assigned as secondary task, they
will be followed only if they do not interfere with the higher priority
task to be fulfilled. Hence, a list of VEESs is considered, starting from
the one with highest priority. When a VEE gets close to an obstacle,



its desired path following (necessary to avoid the obstacle) becomes of
higher priority for the CLIK scheme and the priority order is switched
with respect to the distance of each VEE from the obstacle. This can be
achieved by considering the N-layer priority algorithm described in the
following. The idea is summarized in Fig. 2, being N the lowest priority.
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Figure 2. Scheme of nested CLIK with VEEs

At the lowest layer, the differential mapping corresponding to the
velocity of the VEE with lowest priority is considered, i.e. (4) withi = N.
Hence, a CLIK algorithm with weighted pseudo-inverse is adopted to
compute the inverse kinematics:

ay = J(an)ox, (5)
with vy = png+ EN(Pyg — PN), being py, the desired position for the
VEE with lowest priority and ky > 0. The pseudo-inverse matrix is
substantially weighted as in (2).

At the generic i-th layer of the nested scheme, withi =N —1,...,1,
the inverse kinematics is computed as in (3), i.e.

a; = Iy ()i + (T, = Tl (@) Ti(a)) @i (6)
where
Thy =W I (waf) ! (7)
with Wt = diag{Bi1, Bi2, -, Bin, } and v; = P,y + ki(p;q — p;), being p;g
the desired position for the VEE with priority 4, and k; > 0. Further,
q,, is the gradient of the objective function:

n;
G = 1 &~ 6y —Giny
i =1 GigM ~ dijm



where ¢; jv (¢i,jm) is the maximum (minimum) value of the joint vari-
able ¢; ;, i.e. the j-th component of the joint vector g;. The above choice
corresponds to achieving a joint motion for the joint variables as close as
possible to that computed in the previous layer g;,,, which are feeded
as secondary reference values to the next layer, providing a way to ful-
fill inverse kinematics of different parts of the structure, with different
priorities.

Going on, the nested CLIK algorithm computes the inverse kinematics
for the structures ending with each of the considered VEEs. It is worth
emphasizing that the order of priorities is dynamically changed during
task execution. As illustrated in Fig. 2, the scheme takes the desired
positions for the ordered VEEs at time ¢; then, the output of the CLIK
algorithms at the IV levels are input to a trajectory planning block which
re-evaluates the priority order among the various VEEs according to the
positions of the goals and the obstacles in the environment, and thus
generates the new ordered sequence of desired positions for the VEEs
at time t + At, where At is the sampling time at which the CLIK algo-
rithm is discretized for practical implementation; the planning aspects
are discussed in the following section.

The weights 3;; of the matrices W; are chosen according to the crite-
rion described above (De Santis et al., 2005a). In particular, the joints
of the mobile base have a higher weight with the respect to the joints
of the manipulator. In Fig. 3 it is possible to see how trajectories are
followed for various VEEs with different priorities. It is easy to recognize
that planned trajectories for VEEs with lower priorities are abandoned
when they interfere with the higher priority planned trajectories. With
the priority strategy, which ranks the VEEs, it is possible to fulfill the
most critical positioning problems on line.

The time history of a joint variable is also reported in Fig. 4; move-
ments planned in the task space are abandoned if they interfere with
higher-priority tasks.

The priority management strategy is crucial: if a mobile robot ma-
nipulator is considered, which avoids the head of a person in a room
with the end-effector, it is difficult to predict the possibility of hitting
him /her with other parts of the structure, because a possible avoidance
movement can be incompatible with the path of the real end-effector or
of a VEE with higher priority.

3.2 Trajectory planning

For each VEE it should be possible to plan a complete trajectory off-
line, but this approach is not satisfying, since the trajectories imposed
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Figure 3.  Planned (gray) and actual (black) trajectory for the VEE labelled with
A and B in Fig. 1
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Figure 4.  Planned (dashed) and actual (solid) trajectory for the joint value g

to the VEEs, if planned a priori, do not have realistic application (most
obstacles are moving and their trajectories are not known a priori). Fur-
thermore, the positioning of VEESs in task space is only a secondary task
for the positioning of other VEEs with higher priority. On-line trajec-
tory planning is needed: potential fields methods (Khatib, 1986) can
be used for such a planning: the manipulator moves in a field of forces;
the position to be reached is an attractive pole for the end-effector, and
obstacles are repulsive surfaces for the manipulator parts. The field of
artificial forces F' is produced by a differentiable potential function, with
F(p;) = =V (U(p;)), where V(U (p;)) is the gradient vector of U at p;,
that is the position of the VEE under the field effect.

The potential U is constructed as the sum of two elementary potential
functions: U(p;) = Uast(p;) + Urep(p;) In this relation Uy is the attrac-
tive potential and depends only on the final position, whereas Uy, is the



repulsive function and depends only on the obstacles position. During
the simulation, the attractive potential field is chosen to be a parabolic
well, centered in the goal positions, whereas a repulsive field is related
to a distance of influence from obstacles. So, the goal is a source of
an attractive potential field; obstacles are sources of repulsive potential
fields.

Simulations of robot movements with this approach are shown in the
next section. Notice again the importance of the priority management in
the CLIK schemes, as discussed above: even with on-line path planning,
a desired path could be not executable, so it is necessary to switch the
priority order, as emphasized by the trajectory planning block in Fig. 2

4. A case study

In this section, operations of the considered mobile manipulator are
examined in an anthropic domain, while the robot is performing an
assistance task. The model has been simulated under the Virtual Reality
Toolbox (VRT) in Matlab. The VRT is a solution for interacting with
virtual reality models of dynamic systems over time. The complete CLIK
algorithm with multiple priority handling and potential fields method
for trajectory planning is considered. The robot has to take a soda
can which is placed in a fitted cupboard, where an impaired person
cannot arrive. In the first phase, the person on the wheelchair is a
moving obstacle to be avoided. When the robot takes the can, the
person becomes a goal point to be reached by the end-effector bringing
the can. The first desired position for the robot is the location of the can
on the cupboard; after the end of the goal reaching, the second desired
position is the location of the person, who is moving in an independent
way. The anthropic environment where the task is executed is shown in
Fig. 5.

In the shown environment, the robot has to avoid the lamps (it has to
slow down in order to keep away from objects attached to the ceiling),
as well as the person (turning around him/her) and finally the desktop
and the table. The obstacles are modelled as spheres: a lamp is a sphere
having a small radius, whereas a person is a set of spheres with different
radiuses. Notice that these radiuses may take into account cognitive
evaluations. As an example, consider the potentially unpredictable be-
haviours of children in the scene: in such a case, safety issues suggest to
magnify the radiuses for repulsive potential fields. It is possible, in in-
telligent environments, to provide radio-frequency identification tags to
assign different set of parameters, depending on the skills of interacting
people, for robot kinematic and force control. The table has been mod-



Figure 5.  Interaction with the service robot in an anthropic environment

elled differently: it is characterized by a succession of points (each point
represents a corner or the lower point of a foot of the table). The robot
is equipped with seven leds, each one placed next to one critical points:
when a particular VEE assumes the highest priority, its led lights up.
The priority assignment for the nested CLIK of the different VEEs is
reported in Fig. 6, where EE stands for the end-effector and WMR for
the wheeled-mobile robot.

EE
VEE E
VEED
VEE C
VEEB
VEE A

WMR

highest priority VEE

[sl

Figure 6. Time history of priority assignments

In Fig. 7 it is possible to see the paths for one VEE and the EE
avoiding the obstacles as well as the motion of the impaired person.
Strong hypothesis about sensory system are assumed: positions of robot,
people and objects are exactly known and tracked.
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Figure 7.  Trajectories for the VEE labelled with A and the EE of the robot (solid)
in the task of Fig. 5, where the spheres are edges of obstacles and the thin line is the
trajectory of the impaired person during the task

5. Conclusion

The virtual end-effectors (VEEs) approach has been proposed for si-
multaneous inverse kinematics, with proper trajectory planning, of mo-
bile robot manipulators operating in unstructured environments. For
pHRI, the VEESs approach can actually complement interaction schemes,
where intrinsical and active safety issues are to be considered. The pro-
posed approach may be also used to keep a robot in proper postures in
narrow spaces (e.g., snake robots) and for self-collision avoidance too.
For comparison, a global optimization of different forces acting on the
manipulator without null-space techniques should also be considered,
with a weighted extended Jacobian approach. In addition, automatic
techniques for the location of the VEEs should be of interest as well.
Future work will also be devoted to add soft-computing techniques for
both trajectory planning and inverse kinematics, and to consider inte-
gration with force control on real mobile robot manipulators.
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