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Abstract— As more sophisticated robots are being developed,
robots are increasingly expected to execute many types of task
sets sequentially or simultaneously. When these multiple task
sets are executed, the controllers of the robots should be able to
deal dynamically with task changes. Especially during the task
transitions, there will be discontinuous behaviors of robots in
the absence of careful consideration of control. In this paper,
a task transition approach is proposed to provide continuous
task transitions and to ensure stable behavior of robots within
the operational space control framework. In the proposed
approach, the control law is not modiﬁed but the control
command is composed using intermediate desired values. In
this paper, a continuous task transition algorithm is applied
for singularity avoidance and for joint limit avoidance purposes
during the control of a 6-DOF manipulator to demonstrate its
performance.
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1. Introduction
In recent years, the application of robotic systems has
increased in various ﬁelds. Examples include service robots,
medical robots, and robots that operate in hazardous environments, including traditional robots engaged in automation
tasks. The robots in these new applications are being developed into more sophisticated forms to perform complex
tasks. At the same time, these robots are expected to perform
not only one speciﬁc task but also various tasks in sequence
or simultaneously. Therefore, the management of multiple
tasks [1], [2] and control of tasks with priorities [3], [4], [5]
are currently signiﬁcant issues. Other areas of study involve
the simultaneous or consecutive execution of tasks, such as
controlling various tasks and postures of a humanoid robot
in a dynamic environment [6], [7] (Figure 1).
There are many cases involving the execution of multiple
task sets in an interactive environment, such as various motion tasks [8], constraints [9], [10], joint limit avoidance [10],
singularity avoidance [11], and visual servoing [12]. Stable
and continuous behavior for dynamic transitions among these
tasks becomes a signiﬁcant issue when robots are controlled
in an interactive environment [13].
The transitions among task sets, such as additions and
removals, are considered in this paper. Transition approaches
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Fig. 1.
Illustration of a humanoid robot capable of multiple tasks.
The circles on the hands, foot, and shoulder are possible task points of
the humanoid robot. A smooth task transition algorithm is important, as
activation and deactivation of some of these tasks can occur sequentially or
simultaneously depending on the situation.

among task sets are developed by modifying the control
schemes for these tasks [9], [10]. However, these approaches
are limited in the case of task sets with different priorities.
A transition algorithm with intermediate desired values [13]
is proposed for kinematic control of robots to overcome
the limitations. In this paper, a task transition algorithm
for kinematic control in [13] is extended so that it can be
used with the operational space control framework. The use
of a task transition algorithm is of importance especially
as it pertains to the operational space control framework
because the framework does not use inverse kinematics or
joint trajectories. Therefore, how a smooth transition among
multiple tasks is implemented for the operational space
control framework is an important issue.
The proposed algorithm in this paper applies the intermediate desired value approach [13] to the operational space
control framework. First, the control inputs for task sets are
redeﬁned by using the intermediate desired values and this
is extended to cases of prioritized task sets. The proposed
approach enables transitions to be performed continuously
without modiﬁcation of the control framework. In this paper,
a continuous task transition algorithm is applied to singularity avoidance and joint limit avoidance as examples to
demonstrate its performance and effectiveness.

2. TASK T RANSITION A PPROACH
The equations of motion for a manipulator are described
by
A(q)q̈ + b(q, q̇) + g(q) = Γ,

(1)

where q and Γ are the vector of the joint angles and torques,
respectively. The terms A(q), b(q, q̇), and g(q) denote the
mass/inertia matrix, the Coriolis/centrifugal effects, and the
gravity torques, respectively. To execute a task set x1 , the
equations of motion in the operational space can be derived
from Equation (1) [14]:
Λ1 (q)x¨1 + µ1 (q, q̇) + p1 (q) = F1 ,

(2)

where Λ1 , µ1 , and p1 are the inertia/mass matrix, the Coriolis
and centrifugal force, and the gravity force in the operational
space of the task x1 , respectively. The control force F1 , can
be determined using the operational space dynamics by
F1 = Λ1 (q) f˜1
(3)
= Λ1 (q){ f1∗ + η1 (q, q̇) + ζ1 (q)}
and
η1 (q, q̇) = Λ−1
1 (q)µ1 (q, q̇),

ζ1 (q) = Λ−1
1 (q)p1 (q),

(4)

where f1∗ is the control input for a unit-mass system or the
desired acceleration for the task. The joint torques can then
be computed by
(5)
Γ1 = J1T F1 .
where J1 is the Jacobian corresponding to the task set x1 .
The subscript 1 at Γ1 denotes the task set x1 .
The joint torques may be discontinuous when a new task
set x2 , is inserted. Once the new task is added, the command
joint torques become
Γ
where


J=

J1
J2

=

J T F,




,

F=

(6)
F1
F2


.

(7)

The change in the torque command from Γ1 to Γ can lead
to rapid discrete behavior of the task set x2 . That is, there
may be discontinuous motion or unstable behavior during the
transition to execute both task sets. This discrete change of
the control input will also occur when removing or changing
task sets.
To remove this discontinuity, intermediate desired values
can be designed as a control input for x2 . That is, the task
command can be designed such that the control torque would
not change rapidly, as follows:
 i 
f˜1
Γ = J T Λ f˜i , f˜i =
(8)
f˜2i
and
f˜1i = f˜1
f˜2i = h2 f˜2 + (1 − h2 )J2 A−1 J1T Λ1 f˜1

(9)

where h2 is an activation parameter varying from 0.0 to 1.0
when inserting the task set x2 . The superscript i denotes the
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intermediate value for each parameter. The torque input is
then computed by
(10)
Γ = J T Λ f˜i ,
where


J(q) =

J1 (q)
J2 (q)


.

(11)

This torque input Γ is continuous if the activation parameter
changes from 0.0 to 1.0 continuously.
The proposed approach can be extended to other transition
cases, i.e., when some of the tasks are removed. With the
activation parameter h1 deﬁned for the ﬁrst task set x1 , the
task speciﬁcations can be described as
f˜1i = h1 f˜1 + (1 − h1 )J1 A−1 J2T h2 Λ2 f˜2
f˜2i = h2 f˜2 + (1 − h2 )J2 A−1 J1T h1 Λ1 f˜1 .

(12)

Continuous transitions among non-prioritized task sets can
be ensured by Equations (10) and (12) with continuous
activation parameters h1 and h2 , corresponding to each task
set.
When there are three task sets with no priorities, the
approach of the intermediate desired values for two task sets
can be extended to
f˜1i = h1 f˜1 + (1 − h1 )J1 A−1 Γ∗1
f˜2i = h2 f˜2 + (1 − h2 )J2 A−1 Γ∗2
f˜3i = h3 f˜3 + (1 − h3 )J3 A−1 Γ∗3

(13)

where Γ∗m denotes the torque input for task sets with intermediate desired values excluding the mth task set. The
generalization to n tasks can be similarly derived.
3. TASK T RANSITION A PPROACH FOR P RIORITIZED
TASKS
The proposed continuous transition approach can be applied to multiple task sets with priorities. The solution in
the previous section can be rearranged to be applied to the
prioritized task sets. For instance, we can consider two task
sets with different priorities, x1 and x2 , where a newly added
task set x1 has higher priority than the primal task set, x2 .
The control input only for the primal task set x2 , is
Γ2 = J2 T Λ2 f˜2 .

(14)

When the task set x1 with higher priority is inserted, the
control torque [6] is
Γ = J1 T Λ1 f˜1 + N1T Γ0

(15)

T
N1T = (I − J1T J¯1 )
Γ0 = J2T Λ2|1 f˜2

(16)

where

Λ−1
2|1

−1

= J2 N1 A

N1T J2T .

When the control torque is changed from Equation (14)
to Equation (15), discontinuous behavior will occur during
transition. Therefore, the proposed transition approach can
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Fig. 2. Snapshots from the singularity avoidance experiment: (a) The position control of the end-effector was executed while the orientation task was
also controlled as a task with higher priority. (b) The position of the end-effector followed a trajectory toward the desired position, which was out of the
workspace. (c) Final conﬁguration of the manipulator. The manipulator has moved to the desired position as much as possible while avoiding a singularity.

Γ = J1 T Λ1 f˜1i + N1T Γ0

(17)

f˜1i = h1 f˜1 + (1 − h1 )J1 A−1 J2T Λ2 f˜2
Γ0 = J2T Λ2|1 f˜2 .

(18)

where

This formula, as expressed in Equations (17) and (18),
provides a continuous transition among prioritized task sets
when the task set x1 is inserted at a higher priority. A smooth
transition, the insertion of the task set x1 , can be realized
by changing the activation parameter h1 from 0.0 to 1.0
continuously.
The primal task x2 can also have an activation parameter
h2 such that these two task sets can be added, removed or
swapped by continuous activation parameters.
Γ = J1 T Λ1 f˜1i + (J2 N1 )T Λ2|1 f˜2i

(19)

f˜1i = h1 f˜1 + (1 − h1 )J1 A−1 J2 T h2 Λ2 f˜2
f˜2i = h2 f˜2 + (1 − h2 )J2 A−1 J1 T h1 Λ1 f˜1 .

(20)

where

The intermediate desired value approach for two task sets
can be extended to the case of three task sets. For three task
sets,
Γ = Γi1 + Γi2 + Γi3
(21)

4. E XPERIMENTAL R ESULTS
The proposed approach is veriﬁed using a 6-DOF manipulator called Roman-MD. The experiments were performed
in a simulation environment called ROBOTICSLAB[15].
The experiment was conducted to prove the efﬁciency and
robustness of the proposed approach in singularity avoidance
and joint limit. In these experiments, the control input for
position and orientation tasks is composed as follows:
f ∗ = k p (xd − x) − kv ẋ,

(24)

where x, xd , and ẋ are the current state, desired value, and
derivative of the current state of the task. The terms k p and
kv are the positive gains of the PD control.
4.1 Singularity Avoidance
The proposed approach can be very effective in the application of singularity avoidance in the operational space
control framework. The control while avoiding a singularity
is implemented using the proposed continuous task transition algorithm by deactivating the task along the singular
direction.
Velocity[rad/s]

be applied to ensure continuity using intermediate desired
values, as follows:
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where
Γi2 = (J2 N1 )T Λ2|1 f˜2i
Γi3

(22)

= (J3 N2|1 N1 ) Λ3|2|1 f˜3i ,
T

and
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Γi1 = J1T Λ1 f˜1i
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=
=
=

h1 f˜1 + (1 − h1 )J1 A (Γ∗{1,prio} )
h2 f˜2 + (1 − h2 )J2 A−1 (Γ∗{2,prio} )
h3 f˜3 + (1 − h3 )J3 A−1 (Γ∗{3,prio} ).
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2
Time[s]

−1

(b)

(23)

The term Γ∗{m,prio} denotes the computed torque for all
task sets, excluding the task set xm with given priorities
and activation parameters. At this point, it can be similarly
extended to the case of n tasks.
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Fig. 3.
The sixth joint velocity near the singular conﬁguration: (a)
Oscillatory and unstable behavior due to a singularity without using the
proposed approach. The simulation is terminated at around 3.7 seconds due
to the high oscillation. (b) Smooth control using the proposed continuous
transition algorithm near a singularity. The positioning task of the endeffector is smoothly executed while avoiding a singularity successfully.

of the singular value of the inverse of the inertia matrix in
the operational space.
Using the hierarchical control structure shown in Equation
(19), the orientation is assigned to be the task with the highest
priority and the positioning task is second. In this experiment, the positioning task becomes the singular such the
corresponding inertia matrix is considered for a singularity.
The inverse of the inertia matrix of the positioning task can
be decomposed into
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Fig. 4. The activation parameter of the task is designed as a function of
the singular value by singular value decomposition (SVD).

x[m]

0.1

0
0

1

2

3

4

5

0

1

2

3

4

5

0

1

2

3

4

5

0

1

2

3

4

5

0

1

2

3

4

5

y[m]

0.8
0.6
0.4
0.2

z[m]

0.3

0.2

0.1

h

1
0.5
0
0.025

σ

0.02
0.015
0.01
Time[s]

Fig. 5. Plots of the position, activation parameter, and singular value during
the singularity avoidance experiment. It can be observed that the activation
parameter starts to decrease at σ = 0.02. Once it is in the buffer region,
the position cannot fully follow the desired trajectory due to the continuous
deactivation of the positioning task in the singular direction.

In this experiment, the manipulator approaches the singularity when the end-effector is controlled to follow a trajectory which is beyond the workspace of the robot (Figure 2).
During the positioning task of the end-effector, the orientation is controlled to be vertical as a task with higher priority.
First, an experiment without using our transition algorithm
is conducted to show the oscillatory unstable behavior near a
singularity. Figure 3 shows plots of the velocity of the sixth
joint near a singularity. As the positioning task is performed
to reach the singular region, all joints start to oscillate.
This phenomenon is resolved by the proposed transition
approach. In the application to a singularity, the transition is
dependent on the singular values by singular value decomposition (SVD). An activation buffer is deﬁned as the region
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J p A−1 NoT J pT = U p Σ pU pT ,

(25)

where J p is the Jacobian for the position, Jo is the Jacobian
for the orientation, the null-space projection matrix is NoT =
I − JoT J¯oT , Σ is a diagonal matrix with singular values, and U p
is the rotation matrix [16], [17]. When one of the singular
values is less than a threshold, the corresponding direction
is controlled in the buffer region. That is, the position
control along that direction is continuously deactivated as the
corresponding singular value decreases. For instance, if the
last singular value is less than a threshold, U p is decomposed
into [U p1 U p2 ]. The Jacobian for the singular direction is then
T J .
deﬁned as U p2
p
When the singular value enters the buffer region, the
activation parameter for the singular direction varies from
1.0 to 0.0 to deactivate the task along the singular direction,
as plotted in Figure 4. The activation parameters for the
positioning task of the end-effector except for the singular
direction remain at 1.0 throughout the experiment because
it is always fully activated. The activation parameter over
the singular value in Figure 4 is designed to be continuous
without any abrupt changes [13].
Figures 2 and 5 show snapshots and data plots from this
experiment, respectively. The buffer of the singular values is
set from 0.01 to 0.02 (Figure 4). It can be observed that the
positioning task was smoothly deactivated along the singular
direction, whereas the end-effector was still controlled to
reach the desired position in other directions. Therefore, the
positioning task is executed to the greatest extent possible
while avoiding the singularity.
4.2 Joint Limit Avoidance
The task of joint limit avoidance is considered using the
task transition algorithm in this section. When one of the
joints moves close to its joint limit, the joint limit avoidance
task is inserted. This should be considered as a task with a
higher priority than the others.
In the experiment, the ﬁrst joint enters the joint limit
buffer region while the position and orientation of the endeffector are controlled. The upper and lower limits for the
ﬁrst joint are 0.75 (rad) and -0.75 (rad) in this example. The
task of avoiding the joint limit is then added to the existing
position and orientation task using the activation parameter
h jl over the buffer. Here, h jl is deﬁned as a function of
the corresponding joint angle. When the ﬁrst joint is in the
activation buffer, the activation parameter is increased from
0.0 at the beginning of the buffer to 1.0 at the end of buffer.
However, the activation parameter for the existing task of the

end-effector, he , remains at 1.0 throughout the experiment
because it is always fully activated.
As the new task of avoiding the joint limit is activated as a
task with a higher priority, the positioning task is executed as
much as the manipulator can achieve while avoiding the joint
limit. Later, the end-effector of the manipulator moves to
return to the initial position. The ﬁrst joint is out of the joint
limit buffer and the joint limit task is removed accordingly.

avoidance were conducted to demonstrate the effectiveness
of the proposed approach in the operational space control
framework.
The occurrence of discontinuous behavior due to an abrupt
change of the command torque at the task transition is resolved by the proposed approach. The approach can also deal
with a hierarchical task set by activating or deactivating task
sets continuously. Therefore, transitions such as the insertion
or removal of tasks can be performed with various priority
levels. The experimental results demonstrate the performance
of the proposed approach. Having successfully implemented
the approach for motion control in the operational space
control framework, we are currently investigating further
developments of this approach to include contact force
control.
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Fig. 6. Snapshots from the joint limit avoidance experiment. The joint
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The plots in Figure 7 show the stable and smooth transition of the position, velocity, and activation parameter of
the corresponding joint limit task. It should be noted that
the transition algorithm is effectively applied to both the
insertion and the removal of the joint limit task.
5. C ONCLUSION
A continuous transition approach among multiple tasks is
proposed for the dynamic control of a robot. The intermediate desired value approach for kinematic control is successfully applied for the operational space control framework
by composing the command inputs for the multiple tasks.
Also, experiments on singularity avoidance and joint limit
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