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Abstract Robots acting in human environments usu-
ally need to perform multiple motion and force tasks
while respecting a set of constraints. When a physical
contact with the environment is established, the newly
activated force task or contact constraint may inter-
fere with other tasks. The objective of this paper is
to provide a control framework that can achieve real-
time control of humanoid robots performing both strict
and non strict prioritized motion and force tasks. It is
a torque-based quasi-static control framework, which
handles a dynamically changing task hierarchy with si-
multaneous priority transitions as well as activation or
deactivation of tasks. A quadratic programming prob-
lem is solved to maintain desired task hierarchies, sub-
ject to constraints. A generalized projector is used to
quantitatively regulate how much a task can influence
or be influenced by other tasks through the modula-
tion of a priority matrix. By the smooth variations of
the priority matrix, sudden hierarchy rearrangements
can be avoided to reduce the risk of instability. The ef-
fectiveness of this approach is demonstrated on both a
simulated and a real humanoid robot.
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1 INTRODUCTION

Humanoids are expected to perform complex tasks, in-
cluding physical interactions with environments (see
Figure 1) through the control of their whole-body mo-
tion. When both motion and force tasks are involved,
three problems should be handled. First, when the de-
grees of freedom (DoF) of a motion and a force task are
not orthogonal to each other, i.e. when both motion and
force tasks defined at the end-effector frame require the
same DoF, then the priorities between these two tasks
should be handled, since both of them may not be sat-
isfied all the time. Second, as motion and contact forces
applied at different body frames can interfere with each
other through robot dynamics, the controller must en-
sure that task hierarchies are respected to achieve an

appropriate whole-body performance. Third, if constraints

need to be satisfied, for example when foot contact
forces need to be maintained within friction cones to
avoid foot slippage, then the hierarchy of tasks should
be consistent with such constraints. This paper focuses
on the whole-body control of humanoid robots perform-
ing prioritized motion and force tasks subject to a set
of constraints.

The motion and force control problem was first stud-
ied to control robotic manipulators. An approach to
handle a pair of end-effector motion and force tasks is
proposed in [11]. This approach uses task specification
matrices to restrict operational space positional free-
dom in the subspace orthogonal to the directions of
force that is to be applied by the end-effector. With
the development of humanoid robots, several whole-
body motion and force control approaches have been
proposed. A dynamic balance force controller [25] is de-
veloped for the control of center of mass (CoM) motion
and contact forces of humanoid robots, where an addi-
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Fig. 1 Example of a humanoid robot in physical interaction
with its environment.

tional task force is computed based on a CoM dynamics
model and external forces to ensure balance. In these
approaches, the control of an arbitrary number of pri-
oritized tasks is not dealt with.

The problem of prioritized multi-task control of re-
dundant robots is addressed by hierarchical control al-
gorithms. Some of these control algorithms focus on the
handling of strict task priority hierarchies, such as an-
alytical methods based on null-space projectors [6, 7,
18, 24], which ensure that lower priority tasks are per-
formed only in the null-space of higher priority tasks.
However, these methods handle task priorities by rely-
ing on the use of pseudo-inverses and null space projec-
tors, resulting in a formulation that is mathematically
not compatible with inequality constraints. Therefore,
constraints, such as those restricting contact forces in-
side friction cones to avoid foot slippage of humanoids,
can not be properly implemented. The handling of pri-
oritized tasks as well as equality and inequality con-
straints is addressed by hierarchical quadratic program-
ming (HQP) algorithms [5, 9, 20, 21]. The idea of HQP
is to first solve a quadratic program (QP) to obtain a
solution for a higher priority task; and then to solve an-
other QP for a lower priority task, without increasing
the obtained minimum of the previous task objective.
This prioritization process corresponds to solving lower-
priority tasks in the null-space of higher-priority tasks
while respecting constraints.

Another type of redundant robot control framework
handles non-strict task hierarchies by using weighting
strategies [1, 2, 3, 13, 22], the solution of which is a
trade-off among task objectives with different weights.
These weighting strategies are based on the use of opti-
mization techniques. All the constraints and task objec-
tives are solved in one quadratic program. One limita-
tion of weighting strategies is that strict priorities can-
not be achieved, and the performance of higher-priority
tasks cannot be guaranteed by simply adjusting the
weights of task objectives. Although this problem is ad-

dressed by a prioritized control framework [14], which
ensures the performance of a higher-priority task with
a user defined tolerance margin, this approach handles
priorities of only two levels.

An important difference between strict and non-
strict hierarchies is how efficiently they achieve hier-
archy rearrangements. For robots acting in dynami-
cally changing contexts, task priorities may have to
be switched, and certain tasks may have to be acti-
vated or deactivated to cope with changing situations,
for example, during frequent establishment and break
of contacts. In this case, a sudden rearrangement of
task hierarchies may lead to a large discontinuity in
control laws and an increased risk of system instabil-
ity. Such a sudden rearrangement may occur when the
hierarchies are handled by strict hierarchical control al-
gorithms, which organize tasks by using discrete prior-
ity levels. Therefore, to achieve smooth hierarchy re-
arrangements within strict hierarchies, some specific
methods have been developed. The method presented
in [10, 19] achieves smooth priority rearrangement be-
tween only two levels of tasks. An approach to hierar-
chical control with continuous null-space projections is
presented in [4], but the use of a specific activator makes
this approach difficult to implement for separatly han-
dling different task directions. Priority transition be-
tween multiple tasks is achieved by the use of a spe-
cific inverse operator [16] or by using intermediate de-
sired values in the task space [12], but the computation
time of these two methods increases with the number
of simultaneous priority transitions. On the other hand,
priority transitions can be easily achieved within a non-
strict hierarchical control framework by the continuous
variation of task weights [22]. This method is used in
HQP approaches to swap task priorities [8] smoothly.
But this implementation may require a set of swaps be-
fore bringing a task to the desired priority level, since
a swap is needed each time the task is moved from its
actual priority level to a consecutive one.

The above mentioned works handle task hierarchies
organized in a lexicographic way [21], which is not flex-
ible since a lexicographic hierarchy does not allow one
to handle the priority between each pair of tasks sepa-
rately. For example, in the case of a weighting strategy,
the priority between each pair of tasks is determined
by the ratio of their task weights. For a hierarchy con-
taining three tasks: task 1, task 2, and task 3, once the
value of wy, is fixed, the desired priorities of task 2 and
task 3 over task 1 can be achieved by tuning w;, and
wy, respectively. But in this way, the priority of task 3
over task 2 is fixed by the previously tuned wy, and wy,,
and it is thus not possible to tune the priority relation
between task 2 and task 3 any more.
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Recently, a generalized projector has been devel-
oped and used in [15] for hierarchical control. The nov-
elty of hierarchical control algorithms based on the use
of this generalized projector is that they can handle
not only a single standard lexicographic hierarchy as
the HQP and weighting strategies do, but also a com-
plex priority network of hierarchies with both strict and
non-strict priorities. The priority between each pair of
tasks can be handled separately. Only one swapping
phase is needed to move an arbitrary number of tasks
to their desired priority levels concurrently. Moreover,
this generalized projector improves the smoothness dur-
ing hierarchy rearrangements, because it can regulate
to what extent a lower-priority task is projected into
the null-space of higher-priority tasks (e.g. completely,
partially, or not at all). In [15], the generalized projec-
tor is implemented in an optimization based dynamic
control framework, which is applied to control a simu-
lated KUKA LWR robot. However, the application of
this control framework in real-time control of humanoid
robots is limited, because its computational cost is sen-
sitive to the number of tasks and the number of DoF of
the robot.

The contribution of this paper is the implementa-
tion of the aforementioned generalized projector in a
quasi-static torque control framework and on humanoid
robots. Compared with the control framework used in
[15], the computational cost of this quasi-static frame-
work is much less sensitive to task numbers or robot
complexity. This makes it possible to handle a complex
network of task priorities by using the generalized pro-
jector, with a computation cost that can be suitable for
real-time control of humanoid robots.

This paper is organized as follows. The robot model,
as well as task definitions and task priority parametriza-
tion used in this paper are presented in Section 2. The
control framework is developed in Section 3. Some ex-
perimental results are presented in Section 4 to demon-
strate the framework capabilities. Finally, the conclu-
sion and future works are presented in Section 5.

2 Modeling

Consider a robot as an articulated mechanism with n
DoF including n, actuated DoF. The dynamics of the
robot in terms of its generalized coordinates g € R™ are
written as follows

M(q)§ +n(q,q) +9g(q) =S(q.¢)" 7 + Jc(q) we, (1)

where M(q) € R™ "™ is the generalized inertia ma-
trix; ¢ € R™ and ¢ € R”™ are the vector of velocity

and the vector of acceleration in generalized coordi-
nates, respectively; n(q,q) € R"™ is the vector of Cori-
olis and centrifugal induced joint torques; g(q) € R™ is
the vector of gravity induced joint torques; S(q, q)” €
R™*"a ig a selection matrix for the actuated DoF; T €
R" is the vector of the actuation torques; J.(q)? =
[Je1(@)T ... Jen.(q)7] is the transpose of a Jacobian
matrix, with J. 5(q), the Jacobian matrix associated
c’nC]T are the
external contact wrenches applied to the robot, with n.
the number of contact points.

with a contact point 8; w. = [wl, ... wl

2.1 Motion and force tasks

Consider a robot performing motion and force tasks.
Each task 7 is associated with its task wrench w; ;. For
a goal directed Cartesian motion task ¢, the task wrench
w ; should drive the task frame to perform the desired
motion. The desired task wrench can be, for example,
the output of a proportional-derivative (PD) controller

w}; =Kpe; + Kpéi, (2)

where e; and e; are task position and velocity errors,
respectively; and Kp; and Kp; are symmetric, posi-
tive definite gain matrices. For a posture task, the task
wrench w; ; is in fact a torque in joint space.

For a goal directed wrench task, the desired task
wrench can be the output of, for example, a proportional-
integral controller with a feed-forward term

wg7 = w;i + KP,iew + KI,i / ewdta (3)

where wy; is the desired task wrench applied by the
robot on the environment, e,, is the error of task wrench,
and Kp; and K; ; are symmetric, positive definite gain
matrices. The integral component here is used to reduce
steady state force tracking errors.

For a non goal directed task, such as the foot con-
tact task for supporting the whole-body balance, or a
whole-body posture task, which ensures the uniqueness
of robot control input solution, the desired wrench is
unknown a priori. The appropriate values of these task
wrenches are computed by the controller.

In this paper, Z denotes the set of all the tasks, in-
cluding both goal directed and non goal directed tasks.
N is a subset in Z, which contains non goal directed
tasks only. w; denotes the vector of all the task wrenches.

Basically, each task wrench w;; acts on the robot
dynamics (1) through its equivalent joint torques (7¢,; =
Ji.i(@)Tw, ; with J; ; being the task Jacobian !). These

1 The dependence of Jacobian matrices on q is omitted for
clarity reasons.
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equivalent joint torques are accounted for in the com-
putation of 7, which is used to drive the robot.

2.2 Priority parametrization

The priority parametrization used in [15] is applied
here. The relative importance levels of each task ¢ with
respect to a set of n; tasks, including task i, is charac-
terized by a priority matrix A;

Ai = dzag (aillmla . ,aijlmj, ey O‘intlmnt) (4)

where m; is the dimension of task j, A; is a diagonal
matrix, the main diagonal blocks of which are square
matrices: ;L. Ly, is the m; x m; identity matrix,
and a;; € [0,1]. In this paper, the notation i>5 indicates
that task ¢ has a strict higher priority over task j. By
convention, the coefficient «;; indicates the priority of
task j with respect to task i.

— a5 = 1 corresponds to the case where task j has a
strict higher priority with respect to task i (j > 7).

— 0 < ;5 < 1 corresponds to a soft (non-strict) pri-
ority between the two tasks: the larger the value of
aj, the higher the importance level of task j with
respect to task i.

— a5 = 0 corresponds to the case where task ¢ is not
at all restricted by task j.

2.2.1 Task insertion and deletion

There is a particular case induced by the proposed
parametrization, which corresponds to the influence of
task ¢ on itself. This self-influence can be interpreted in
terms of task existence, modulated by ay;.

— If a;; = 1, then task i has a strict higher priority over
itself, or in other words the task is projected into its
own null space, which means the task is deactivated.

— If ay; = 0, then task i is not restricted by itself,
which means the task is fully activated.

— If 0 < a;; < 1, then the task is partially activated.
Decreasing «;; from 1 to 0 implies that the task is
introduced in the set of activated tasks gradually.
Increasing «;; from 0 to 1 implies that the task is
removed from the set of activated tasks gradually.

When being added or suppressed, the influence of task
1 with respect to other tasks also has to be defined and
this can be done by the regulation of «;.

3 Control problem formulation

The hierarchical control framework proposed in this pa-
per extends the quasi-static torque control framework

introduced in [14], which is summarized in section 3.1.
This paper relies on a quasi-static control because it is
fast enough to achieve real-time control of robots with a
high number of DoF. Section 3.2 summarizes the gener-
alized projector developed in [15], which is implemented
in the control framework in section 3.3 to achieve a
quasi-static hierarchical control.

3.1 Quasi-static control with weighting strategy

The quasi-static control framework in [14] handles mul-
tiple prioritized tasks subject to equality and inequal-
ity constraints. This multi-objective control problem is
formulated as a QP problem, where all the task ob-
jectives and constraints are solved simultaneously in
one QP. More specifically, this approach first solves the
QP for optimal task wrenches, and then it applies the
Jacobian-transpose method to compute joint torques
that are equivalent to the optimized task wrenches.
The QP problem is formulated as

. 2 2
argmin Y. ||lwf, — wt,iHQt + 2 llweillg,  (5a)
Wi €T/N i ieN i
s.t. S I w, + g =0 (5b)
ieT
Gw, <h, (5¢)

where the matrices Q;, and Q,, are diagonal weighting
matrices with Q;, = w, I, Qr, = wy, Ly, Here w is
the scalar parameter of a task weight, I, is the a x
a identity matrix, and m; is the dimension of task 1.
The norms of the wrench errors of goal directed tasks
are minimized to achieve a compromise among all these
tasks weighted by Qq,. If a task ¢ is more important
than another task j, then wy, > wy,.

Q. is the weighting matrix of the regulation term,
which minimizes the norm of wrench variables of non
goal directed tasks. For a standing humanoid robot, the
non goal directed tasks may include the foot contact
tasks and the whole-body posture task. As the redun-
dancy of the humanoid robot may allow multiple con-
trol input solutions satisfying the same task objectives,
this regulation term is useful for ensuring the unique-
ness of the solution. As the regulation term may in-
crease the error of goal directed tasks, w,, is usually set
to a very small value compared to wy,.

The equality constraint (5b) is the static equilibrium
of the root body under w;; and g. The superscript rt
stands for the root (free-floating base) DoF and (5b)
corresponds to the six unactuated lines in (1).

The matrix G and the vector h in (5c) express
some other equality or inequality constraints, such as
non-sliding contact constraints and bounds on wrench
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variables or on joint torques. For example, joint torque
bound constraints can be formulated as

<> I w,, + g% <7, (6)

where T and T are the lower and upper bounds of 7.
The superscript ac denotes the actuated DoF, which
correspond to the actuated lines in (1).

Let w;, denotes the solution of (5). Joint torques
are computed as follows

=3 3 Tw; + g™ (7)

In (5), a weighting strategy is used to handle a lex-
icographic hierarchy of multiple prioritized tasks, and
strict priority cannot be achieved. This control frame-
work is extended in section 3.3 to allow one to control
the priority between each pair of tasks separately and to
change the priority gradually from a non strict case to
a strict case. This is achieved by using the generalized
projector explained in section 3.2.

3.2 Generalized projector

The generalized projector P;(A;) € R™*" introduced
in [15] can be used here to modify task torques 7; by
an appropriate projection (P;(A;)7;) to account for the
hierarchy information contained in A ;. This generalized
projector can completely or partially project a task in
the null-space of other tasks. It can handle both strict
and non-strict priorities, since it allows the precise reg-
ulation of how much a task is affected by other tasks.
This section provides a short outline of the computa-
tion of P;(A;) € R™*™ as needed in this paper. More
details of this computation can be found in [15].
In order to compute the generalized projector P;(A;),

a preliminary processing of A; and of the augmented
Jacobian J, which concatenates the Jacobian matrices

of all the n; tasks in a hierarchy (J = [J7T ... J? e Jg:t]T),

is carried out according to the priorities of all the tasks
with respect to task i. As each row of J is associated
to the same row in A;, the rows of J can be sorted in
descending order with respect to the values of the di-
agonal elements in A;. The resulting matrix J;, is thus
constructed so that tasks which should be the least in-
fluenced by task ¢ appear in its first rows, while tasks
which can be the most influenced by task ¢ appear in its
last rows. The values in A; are sorted accordingly, lead-
ing to A7, the diagonal elements of which are organized
in descending order starting from the first row.

Based on Js,, a projector into the null space of J
can be computed. This can be done by first computing

a matrix B;(Js,) € R™™", where r = rank(J,,) is the
rank of J,. The rows of B;(Jy,) form an orthonormal
basis of the joint space obtained by using elementary
row transformations on Jg,. Then this projector can be
computed as P; =1, — BYB,. When performing task i
by using the projected joint torques P;Ti = (JZ-P;»)TwZ-,
the projector P; basically cancels any joint torque that
impacts all the n; tasks, including task 4 itself.

The computation of the projector P;- can be mod-
ified such that tasks having strict priority over task 4
are perfectly accounted for; tasks over which task ¢ has
a strict priority are not considered; and all other tasks
with soft priorities are accounted for, according to the
value of their respective priority parameters in A;. The
generalized projector accounting for all these require-
ments is given by
P,(A;) = L, — Bi(J,,)7 AL, (A,, origin)B,(J,,). (8)
where A7, is a diagonal matrix of degree r. The vector
origin € R" is a vector of the row indexes of J,, se-
lected during the construction of the orthonormal basis
B;. Each of these r rows in Jg, is linearly independent
to all the previously selected ones. The diagonal ele-
ments of A, are restricted to the r diagonal elements
of A, which correspond to the r rows of J,,, the row
indexes of which belong to origin.

Note that by varying the value of each a;; in A;, one
can regulate the priority of each task j in the n; tasks
with respect to task i separately. Moreover, if a; = 1,
then task i is projected into its own null-space, i.e. it
is essentially canceled out. Decreasing ay; continuously
from 1 to 0 activates task i gradually. Conversely, in-
creasing «;; continuously from 0 to 1 provides one with
a proper task deletion procedure.

3.3 Generalized Quasi-Static Hierarchical Control

The control framework presented in Section 3.1 is ex-
tended here to account for both strict and non strict
task priorities. Moreover, an advantage of this approach
is that a priority rearrangement can be performed be-
tween any two tasks.

The QP problem to be solved here is

. 2
argmin 3 [wf —wy |; + X [lw g, (9a)
Wy,  €Z/N ieN ‘
st. Y PL(A)T  w, + g =0 (9b)
€T
G({P,(A))})w: < h. (9¢)

where {Py,(A;)} is the set of generalized projectors of
all the tasks.
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The control input 7 is computed by using modu-
lated task wrenches (P, J ;’fthi) to account for desired
task hierarchies

=3 P (A)I T w;, + g (10)
s

The major difference between the formulation of the
proposed hierarchical control framework and that of the
control framework reviewed in Section 3.1 is that each
task Jacobian Jy, is modulated by the generalized pro-
jector here to account for the desired hierarchies. As the
task hierarchy in (9) is handled by generalized projec-
tors instead of task weights, the weighting matrix Qy,
in (5) is set to the identity matrix for goal directed task
objectives in (9). The weight w,, of the regulation term
is set to a value which is very small compared to 1.

In this framework, foot contact tasks are considered
as non goal directed tasks. These foot contact tasks are
crucial for maintaining the balance of the robot. Their
task wrenches are constrained not only by the static
equilibrium (9b), but also by the linearized friction cone
constraints included in (9¢) to avoid foot slippage. It is
important to ensure that no foot slippage is generated
due to other goal directed tasks. This is achieved by set-
ting the projectors of force contact tasks to the identity
matrix (P¢,(A;) = I, for foot contact tasks); so that
in both the constraints and the computation of joint
torques, these foot contact tasks are not projected into
the null space of any other task.

Bounds of joint torques (11) are implemented as in-
equality constraints within this framework using mod-
ulated task Jacobians

T<T =) P (A)I T w, + 9% < 7. (11)
i€Z

Indeed, all the equality and inequality constraints
have a higher priority over goal directed task hierar-
chies in this framework. This is because the constraints
are expressed in terms of the modulated task wrenches
accounting for desired task hierarchies; and these mod-
ulated task wrenches, which are ensured to satisfy these
constraints by solving (9), are used to compute the
equivalent control signal of joint torques.

4 RESULTS

The proposed control approach has been implemented
on a free-floating humanoid robot iCub in simulation
and a fixed-based real iCub robot. The iCub robot has
38 DoF's, including 6 DoF's of its root body, and 32 DoF's
of its joints. The simulations are carried out on the
simulator XDE [17], which is a software environment
that manages physics simulation in real time. The QP

problem (9) is solved by using the QLD solver [23]. In
the experiments, the control period is 10ms.

4.1 Task priority rearrangements for table pounding

In this experiment, the simulated iCub robot is required
to stand on the ground and switch its hands to apply
a contact force of 30N on a table periodically (see Fig-
ure 2). The table surface is connected with the ground
through a spring with a stiffness of 2000 N/m and a
damping of 89 Ns/m. The displacement of the spring
is used to measure the hand contact force.

Fig. 2 Snapshots of the robot switching its hands to apply
a contact force on a table periodically by using the control
framework proposed in this paper.

Eighteen tasks are considered, namely the 2-D cen-
ter of mass (CoM) task, the 3-D right hand (rh) and
left hand (lh) position tasks, the 3-D right hand and
left hand orientation tasks, the 1-D right hand force
(rhf) and left hand force (Ihf) tasks, the 1-D head ori-
entation task, the 32-D whole-body posture task, the
5-D back posture task, and four 3-D contact force tasks
on each feet. The static equilibrium constraint (9b) is
applied to the free-floating base. Non-sliding contact
constraints are applied to contact points on the feet.

During the experiment, the CoM task has the strict
higher priority over all the other tasks (by setting all
the a; cons = 1 and all the agonr,s = 0) to ensure the
balance of the robot. The posture task, which is used for
redundancy resolution, is always assigned with the low-
est priority. The hand orientation tasks, back posture
task, and head orientation task are of lower priorities
than the hand position tasks and hand force tasks. The
priority relations between pairs of tasks, including the
left and right hand position tasks, the left and right
hand orientation tasks, the left and right hand force
tasks, and the head and hand orientation tasks are left
free (by setting relevant a;; = aj; = 0).
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A finite state machine (FSM) is used to describe the
switching sequence of tasks. The states are: idle, rh-
reaching, Th-contact, rh-release, lh-reaching, lh-contact,
lh-release. As the table is connected with the ground by
a spring, the table surface will move downward when
the hand pushes it strongly. Hand task targets during
contact states are fixed on the surface of the initial ta-
ble position; while the actual hand position during this
state should be lower than this target position to be
able to increase the contact force to 30/N. This means
that during the periodic behavior of contact establish-
ment and break between the hands and the table, prior-
ities between hand force tasks and hand position tasks
should be modified. Task priorities with respect to dif-
ferent states are illustrated in Figure 3.

state
l[highest priority tasks]

[lowest priority tasks]
[deactivated tasks]

rh_reaching rh-contact rh-release
[CoM] > [CoM] [CoM]
---Jrhf]---.__
l[lh, rh] [Ih; rh] [Ih, rh]
[Inf,fhi]-- -~ o [ihf] T {rhf Inf]

[CoM]
Llh, rh]

[Ihf, rhf]

Ih-release Ih-contact Th-reaching
[CoM] | [CoM] [CoM]

1 |- fin
[th, rh] [, rh] A [Ih, rh]
[rhf,dnf< -1 [rhf] 145 0h h]

Fig. 83 Task priorities with respect to different states of the
finite state machine. Priorities of the CoM task, hand position
tasks, and hand force tasks are shown, and those of the other
tasks are omitted for clarity.

— At the beginning, the robot is in idle state. During
this state, its hands are not in contact with the ta-
ble. The hand force tasks are deactivated, and they
have a strict lower priority than hand position tasks
by default.

— In rh/lh-reaching state, the hand moves toward the
table.

— When a contact is established with the table, the
FSM enters rh/lh-contact state. When entering this
state, the hand force task is gradually activated and
its priority increases gradually over hand position
task to enhance the control of hand contact force.

— When rh/lh-release state starts, the hand should
move away from the table to a target position above
it. When entering this state, the hand force task is
gradually deactivated and its priority with respect

to hand position task decreases to enhance hand po-
sition control.

The following functions are used for the smooth
variation of an «;; (conversely «j;) from 0 to 1 dur-
ing the transition time period ([t1,t2])

t—1

a;;(t) = 0.5 — 0.5 cos ( 77) , t € [t1,ta),

(12)

22—t
iji(t) = ]. — Oéij (t)

The experiment is first conducted with the hierar-
chy rearrangement period (t2—t1) being set to 0.6s. The
result of o, hand contact forces, as well as the errors of
the CoM and the hand position tasks are shown in Fig-
ure 4. At the beginning, Alhflhf = 1 and Qrhfrhf = 1,
which means that the force tasks are deactivated since
they are projected in their own null-spaces. When the
hand touches the table, cynfins (O Qphfrny) decreases
to zero smoothly to activate the force task gradually.
During the contact phase, a;p . rn (or alhf’lh) decreases
to zero and &y prny (O Quppy) increases smoothly so
that the priority of hand force task increases gradually
over hand position task. After this hierarchy rearrange-
ment, as can be observed in Figure 4, the hand task
error increases while the force task tracks its reference
well.

Moreover, during the experiment, the equilibrium
of the robot is maintained and no foot slippage is ob-
served, which illustrates the fact that this approach can
handle a task hierarchy subject to both equality con-
straint (static equilibrium) and inequality constraint
(non-sliding contacts).

An advantage of this approach is that the rearrange-
ment of task hierarchy can be carried out gradually and
more smoothly to avoid abrupt hierarchy changes and
thus reduce system instability. To demonstrate this, the
same experiment is carried out with a sudden change of
relevant as (during 0.015s which is much faster than in
the previous experiment). The resulting hand contact
forces are shown in Figure 5. Hand force task errors with
both gradual and sudden hierarchy rearrangements are
shown in Figure 6. The energy consumption measured
by the sum of squares of the joint torques (777) is
shown in Figure 7.

Figure 5, 6, and 7 show that larger force task er-
rors with larger peaks and more energy consumptions
(larger squared sum of joint torques) can be observed
when hierarchies are rearranged suddenly, compared
with the previous case where hierarchies are changed
more slowly by smoother variations of a;;. The desired
transition duration should be defined by user require-
ments. It can be related to criteria such as less energy
consumption, less joint jerks, etc. The point here is
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Fig. 4 Change of a (top), desired and real hand contact
forces (middle), and the errors of the CoM and the hand po-
sition tasks (bottom). Hierarchy rearrangement period lasts
0.6s.

to show that the proposed approach provides a way
to change hierarchy rearrangement speed, and to show
that a slower transition actually reduces energy con-
sumption.

4.1.1 Computation time

The computation time for the proposed control algo-
rithm for the table pounding experiment presented in
section 4.1 is shown in Figure 8. It can be seen in Figure
8 that for the iCub robot with n = 38 DoF perform-
ing k = 18 tasks, and with the total task dimension of
m =) ;.7 m; = 78, the computation time for the con-
trol algorithm is within 10ms (cpu-time = 1.52 £+ 0.36
ms, max = 6.14 ms). Compared to the control frame-
work presented in [15], which needs a computation time
with the order of magnitude of 80ms for the iCub robot
performing 5 tasks, the computation time of the frame-
work proposed in this paper is largely reduced. This is
mainly because, for the approach in [15], the dimension
of the optimization variable for the shown simulation
is kn = 684 (task number multiplied with robot DoF),
whereas for the approach proposed in this paper, this
dimension is reduced to m = 78 (total task dimension).
Note that the computation time provided here is the

Fig. 5 Change of a (top), desired and real hand contact
forces (middle), and the errors of the CoM and the hand po-
sition tasks (bottom). Hierarchy rearrangement period lasts
0.015s.

25 : : : : :
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Fig. 6 Hand contact force errors with a slower hierarchy re-
arrangement of 0.6s (solid lines) and the faster rearrangement
of 0.015s (dotted lines).

result without any optimization of program efficiency,
leaving some space to further reduce the computation
time of the control algorithm.
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Fig. 7 Squared sum of joint torques. Faster hierarchy rear-

rangement (dotted line) consumes more energy compared to

slower hierarchy rearrangement (solid line).
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Fig. 8 Computation time for the control algorithm for the
table pounding experiment.

4.2 Experiments on a real humanoid robot

In this section, the proposed approach is applied to
control a fixed based iCub robot to perform multiple
prioritized motion tasks (see Figure 9). The experi-
ments show task performances during priority switch-
ing. Moreover, the influence of priority parameters on
steady state task errors are studied.

4.2.1 Ezxperimental setup

In the experiments, four tasks are controlled simulta-
neously:

— a 3-D head position task: the head task target is a
static position to keep the head up;

Fig. 9 The iCub robot being controlled by the proposed
approach to perform a head position task, a left hand position
task, a posture task, and a joint limit avoidance task.

— a 3-D left hand (lh) position task: the lh task target
is a static position in front on the right of the robot,
and this task can be in conflict with the head task,
because it requires the robot to lean its upper body,
including the head, forward in order to reach the
left hand target;

— a 32-D whole-body posture task: the posture task
handles posture redundancy;

— a joint limit (jl) avoidance task: a task for the avoid-
ance of joint limits, and the target position for each
considered joint is its neutral position.

The priority between the left hand task and the head
task is varied by different values of oyp, head a0d Oheqd,in-
The posture task has the lowest priority, with oposture,s =
1 and @ posture = 0 with ¢ € {lh, head, ji}. The han-
dling of joint limit is achieved by changing the priority
of the joint limit avoidance task. By default, this task
has a low priority. But whenever a joint is close to its
limit, the priority of the task corresponding to this joint
is increased with respect to all the other tasks to draw
the joint position away from its limit.

Note that the output of the control framework pro-
posed in this paper is joint torques. There are two ways
to illustrate the performance of a torque control frame-
work on robots, as mentioned in [21]. The first way is
to apply the control signal 7 to the simulated robot,
and integrate g resulting from the simulation to con-
trol the real robot; the second way is to directly use 7
to control the real robot (this is clearly the most ap-
propriate way). Since the iCub used in this experiment
is a position controlled robot, the demonstration of the
control algorithm on this robot is achieved using the
first method.
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4.2.2 Priority switching on real robot

In this experiment, the priorities between the left hand
task and the head task are switched. The switching is
achieved by the continuous variation of ajp peqd from
0 to 1 and apeqq,in from 1 to 0 using (12). Figure 10
shows the errors of the two tasks. It can be seen that

Aih,head |

™ Ohead,in |]

h : ; | ‘ -- head||
— |h

N
o
.

o

o,

it T N R

motion task error(cm)
N
o
=

o

o o
o w
Or=s ===

1 DS S Syt

f - i i
10 20 30 40 50 60 70 80
time (s)

Fig. 10 Variation of priority parameters (top) and the errors
of the head task and the left hand task (bottom) with priority
switching between the two tasks.

the switch of task priorities are successfully achieved.

4.2.8 Influence of priority parameters on steady state
task errors

In the previously mentioned experiments, the priority
parameters of each task pair satisfy a;; +ay; = 1 at all
the time. However, a;; +a;; = 1 is not a necessary con-
dition for task priority assignments. Indeed, the error
of task i is related not only to how task 7 is restricted
by other tasks through «;;, but also to how task i is al-
lowed to influence other tasks through a;;. To explain
the influence of a;; on task errors in detail, the steady
state task errors with respect to different choices of pri-
ority parameter values are studied here.

Figure 11 presents the errors of the head task and
the left hand task with respect to different values of
Uphead @A Qpeqd,n- It can be seen in Figure 11 that
when oyp head = 0 and @peqdn = 1, the steady state
left hand task error is very small. Generally, there are
different ways to reduce the head task error. The first
way is to increase ajp heqd, Which leads to the left hand
task being restricted more by the head task, and the
head task being less affected by the left hand task. The
second way is to decrease apeqa,in, Which leads to the
head task being less restricted by the left hand task,
and the left hand task being more affected by the head

Oheag ih = q~3v Qip.head = 0.2 Qheadh = 0-‘& Qiyhead = 0.65

4.0 4.0

motion task error(cm)
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Fig. 11 Errors of the head task and the left hand task with
respect to different priority parameter values.

task. For example, when oqp neqq increases from 0.2 to
0.65 with apeqq,n fixed at 0.8, the steady state error
of the left hand task is increased, and the steady state
error of the head task is decreased.

The results in Figure 11 also show that task perfor-
mances are not simply influenced by the ratio between
ay; and ;. For example, when aip head = Qhead,in =
a < 0.65, the errors of the two tasks are close. But when
a is inceased to a high value of 0.8, both tasks are re-
stricted a lot by each other, and such restriction affects
especially the left hand task in this example.

Note that the proposed approach parametrizes task
priorities in a continuous way and can encode priorities
between each pair of tasks, therefore, it is richer and
more informative compared with a discrete parametriza-
tion used by strict priorities.

5 Conclusions and Future Works

This paper proposes a hierarchical control approach to
handle multiple motion and force tasks for a humanoid
robot. The generalized projector is used to precisely
regulate how much a task can influence or be influenced
by other tasks through the modulation of a priority
matrix. The same mechanism is used to activate and
deactivate tasks.

Experiments demonstrate that both motion and con-
tact force tasks of different priorities can be handled by
this approach. Task priorities can be maintained and
switched, and the switching duration can be adjusted to
achieve smoother hierarchy rearrangement. The compu-
tation cost is largely reduced compared to the previous
work [15].

The proposed approach provides the possibility to
automatically regulate a complex priority network, since
this approach uses a continuous parametrization of the
priority between each pair of tasks. A potential appli-
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cation of the proposed framework could be to combine
with robot learning techniques to incrementally learn
and improve the tuning of priority parameters for dif-
ferent scenarios of interactions with the environment.
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