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Abstract— We present a whole body motion control algorithm
for humanoid robots. It is based on the framework of Liégeois
[10] and solves the redundant inverse kinematics problem on
velocity level. We control the hand positions as well as the hand
and head attitude. The attitude is described with a novel 2-
dof description suited for symmetrical problems. Task-specific
command elements can be assigned to the command vector at any
time, such enabling the system to control one or multiple effectors
and to seamlessly switch between such modes while generating
a smooth, natural motion. Further, kinematic constraints can
be assigned to individual degrees of freedom. The underlying
kinematic model does not consider the leg joints explicitly.
Nevertheless, the method can be used in combination with an
independent balance or walking control system, such reducing
the complexity of a complete system control. We show how
to incorporate walking in this control scheme and present
experimental results on ASIMO.

Index Terms— Humanoid robot - Whole body motion - Re-
dundant control

I. INTRODUCTION

Whole body motion control experiences increasing popu-
larity in the last few years. Originally a method coming from
computer animation, the performance of today’s state of the
art computers allows a real-time implementation to control
humanoid robots with many degrees of freedom.

For multi degrees-of-freedom robots, significant advantages
arise due to the increased operation space and the higher
robustness against singular configurations. Since such systems
are often redundant with respect to the task, it is possible
to separate the configuration space into a task space and an
orthogonal null space. The null space can be exploited to
satisfy additional criteria. Further, manipulation and balance
control can be combined in a quite elegant way.

A comprehensive book on redundant control techniques has
been published by Nakamura [13]. Buss [3] gives an overview
on rigid body kinematics with tree-like structure. Particu-
lar emphasis is devoted to the inverse kinematics problem,
addressing Jacobian transpose, pseudo-inverse and damped
least squares methods. How to deal with ill-conditioned or
singular mappings is shown by Maciejewski [11]. Pseudo-
inverse method and extended Jacobian approach are compared
and applied to a 30 dof robot by Tevatia et al. [15] . The
balance problem is addressed in [2], [16], [18]. Sian et al.
develop a teleoperation framework for their humanoid robot
HRP-2 that enables the remote operator to command different

effectors. The contribution of individual joints to the motion
is selected according to the distance of the target. A similar
method has been developed by Nishiwaki et al. [14]. They
propose a whole body motion generator that adaptively selects
postures from a predefined set (kneeling, standing, etc.) in
order to reach the target. An advanced foot step planning
algorithm maintains balance while approaching the target.
Many works focus on exploiting the null space to satisfy
further objectives. Joint limit and obstacle avoidance are ad-
dressed in [4]-[6], [12], [19]. Baerlocher et al. incorporate task
prioritization for different criteria within the null space [1].
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Figure 1: Kinematic model for whole body motion

While above mentioned works are based on resolved motion
rate control, Khatib employs the Operational Space Formu-
lation which describes the relationship between end effector
accelerations and forces [9]. Similar to Liégeois’ method, the
problem is separated into a task- and null space. Sentis et al.
extend this framework to prioritized objectives and include



methods for joint limit avoidance [17].

We intend to use the proposed whole body motion control as
a building block within a behavior system. It will correspond
to the motor action part, while the perceptual information will
be gained by visual, auditory, tactile and other sensors. The
whole body control should process commands autonomously
and in real-time, such that reactive control loops with multiple
high level behaviors can be created. Therefore the commands
should be composed of few parameters, such giving trans-
parency to the high level tasks while leaving the complexity
of the whole body interaction to the motion control.

We propose a velocity-based whole body motion algorithm
that is based on Liégeois’ method. The underlying mathemati-
cal model and task description of our system will be presented.
We then propose an adaptive way to assemble the system
equations according to a time-variant task description. Further,
a method to adaptively modify constraints for individual
degrees of freedom will be explained. The null space is utilized
for joint limit avoidance. The characteristics of the underlying
objective functions are discussed. We show how the balance
criteria can be incorporated in our framework, such having
a computationally efficient solution by separating the control
problem in two parts: Whole body and balance control. A brief
example illustrates the applicability of our method with respect
to planning and prediction. We finally present experimental
results.

II. KINEMATIC MODEL

The kinematic model of the robot is depicted in figure 1.
In initial configuration, the x-axis points forward, the z-axis
points upward and the y-axis accordingly to the left. Pan,
roll and tilt describe a rotation about the z-, x- and y-
axis, respectively. The kinematic parameters and degrees of
freedom of the links correspond to those of the humanoid
robot ASIMO [7], [8]. The first link corresponds to the heel
coordinate system comprising three degrees of freedom. It is
centered between the feet and aligned with the heel edge. Its
degrees of freedom are translations in the x- and y-direction
as well as a rotation about the z-axis. The consecutive links
correspond to the body segments of the robot. The upper body
is undergoing three translations and Kardan rotations with
respect to the heel frame. The head is connected to the upper
body with pan and tilt joints. Further, the two arms comprise 5
dof each. Three joints drive the shoulder, one joint is located
in the elbow, and the hand rotates about the forearm axis.
An additional coordinate system with some offset to the hand
origin defines a hand reference point. All together, the model
comprises 21 dof.

Shifting and rotating the pelvis will result in a one-to-one
mapping onto the leg joints. This mapping is implemented
within the leg and balance control which is a separate, inde-
pendent process. Therefore, the leg joints are not explicitly
included in the model, they are accounted for by the upper
body degrees of freedom. The state vector such comprises
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with indices I for the inertial frame, hl for heel and ub
for upper body being the coordinate system in which the
respective vector is represented.

III. TASK DESCRIPTION

The link rotation matrices and origin vectors can be com-
puted according to the following recursive scheme, starting out
with a unity matrix representing the inertial (world) coordinate
frame. Hereby, the indices of a matrix Ac-p denote a rotation
from the ”P”-frame in the ”C”-frame.

Acr=Acp Apr (2)

Index C stands for the current, P for the previous and I for
the inertial coordinate system. The link origin vectors then
compute as

re =1rp+Ab; prpc . 3

Vector prpc describes the displacement of the current coor-
dinate frame with respect to the previous link origin. In the
coordinates of the previous link, it is constant.

The task vector is composed of three subsets: left hand, right
hand and head motion. The hand tip position is described in
cartesian coordinates X, y and z with respect to the world or
heel coordinate frame. It corresponds to the above derived link
origin vector of the respective hand reference point.

Hand coordinate

Figure 2: Two-dimensional hand attitude representation

Mostly, spacial orientations are described in 3 dimensions, e. g.
by means of Kardan or Euler angles. Often, this is not required.
This is particularly the case for grasping or manipulating
cylindrical objects, or for the head motion, if a gaze direction
is given. In such cases, the direction of the axis should be
constrained, but the rotation of the end effector about this
axis may be unconstrained. Such a description will decrease
the dimensionality of the task, the gained degree of freedom



can effectively be utilized for joint limit avoidance, singularity
avoidance and further criteria. We therefore propose to control
such an axis. In the following, it will be referred to as the grasp
axis ag4. Indices sh, h and ht denote shoulder, hand and hand
reference point, respectively. With / and r specifying left and
right, the task vector is

_ (T T T T T \T
Ltask = (wht,l ag,ht,r wht,r ag,ht,r a’head) . (4)

The trajectories are generated in these coordinates with a
speed-limited higher order low pass filter between actual and
target values.

IV. INVERSE KINEMATICS

To map the task space magnitudes into joint space, we
employ the framework “redundancy resolution” that has first
been proposed by Liégeois [10] for redundant systems. With
a given task Jacobian & = Jq, the state motion rates can be
computed as
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where J7 is a weighted generalized pseudo-inverse of J with
weighting matrix W

Jt=w T gw-1gT)-! (6)

and H is some optimization criterion. Its gradient is mapped
into the null space with projection matrix IN and scalar «
defining the step width. Matrix E denotes the identity matrix.

N=E-J"J (7

A. Manipulator Jacobian

The manipulator Jacobian relates the effector linear and
angular velocities to the state velocities.
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The rotation Jacobian of the upper body maps the joint rates
on the upper body angular velocities. Index 7' denotes the
linear, R the rotational velocity mapping.

( TZup ) _ ( 17 ub )lfl ©)
I@Wub

1J R,ub

The rotational Jacobian can be constructed from the individual
link rotation matrices. The first two columns and column 4-6
are zero as they correspond to the translational velocities of
the heel frame and upper body frame. Column 3 is ;e as this
degree of freedom describes a rotation about the vertical axis.
Matrix A, yields the Kardan rotation axes of the upper
body.
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The Jacobian of the upper body linear velocity computes as
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The tilde symbol denotes the matrix multiplication with a
skew symmetric matrix 7 such that rx = r x x. Columns
one and two are x- and y- unity vectors as they yield the
heel translational velocity elements. Column 3 accounts for
the upper body velocity due to the rotation of the heel frame
about the vertical axis. Columns 4-6 are the direction vectors
of the upper body translation axis, and the remaining columns
are zero as the rotation is described with respect to the upper
body reference point.

The velocity of a hand reference point with respect to the
shoulder can be expressed in state velocities. The superscripts
row dof in equation (12) denote the row of the rotation matrix
that corresponds to the respective link rotation axis.
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The translational speed of the reference points is the outer
product of the axis and the distance vector between axis and
end effector point.
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The rotation Jacobian for the head rotation computes ac-
cordingly. Skipping the left subscripts I for brevity, we can
assemble the manipulator Jacobian:
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B. Task-specific Jacobian

The linear hand velocities now can directly be computed
with the respective rows of equation (14). The rotational
Jacobian for a 3-dof attitude can be obtained by projecting
the effector angular velocities on a suitable description, e. g.
on Kardan or Euler angles. It is straight forward to rotate the
respective rows of eq. (14) on the Kardan or Euler rates with
the well-known projection matrices.



To compute the Jacobian of the grasp axes, some minor
modifications have to be done. According to figure 2, vector
a, corresponds to the z-axis of the hand-fixed coordinate
system. As the rows of the rotation matrix Ay_; contain the
unit vectors of the hand-frame, represented in the I-frame, the
current grasp axis a, can be extracted from the third row of
this projection: ra, = (A;**)T. Vector a, and the target
grasp axis a; span a plane and enclose angle .
ag o a¢

o = arccos( (15)

lagl|a:l
The current grasp axis shall move in this plane, the end point
of the normalized grasp axis describes the shortest path on
a unit sphere. We now construct an intermediate coordinate
system Ag_; in which the z-axis corresponds to the current
grasp axis. The y-axis shall be orthogonal to the motion plane
and such defines the rotation axis of angle .

(16)

Note that the plane will degenerate if a, and a; coincide.
Vector 4 e” is perpendicular to y- and z-axis following the
right-hand-rule. The angular velocity ¢ between current and
target grasp axis can be projected onto ;jw employing the
above derived sli-frame. Specifiers / and r are skipped for
brevity.
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The hand rotation about the z-axis of the si-frame does not
change the angle . Therefore, the rotation Jacobian of the
respective effector is rotated into the sl-frame, and the third
row is skipped.
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The same scheme is applied to the description of the head
attitude. We map the head angular velocity on the view axis
velocity of the camera system.

(18)

C. Setting up the Equation System

Often not all end effectors are to be controlled at a time.
We therefore propose to adaptively assemble the Jacobian with
respect to the desired command. According to the task vector,
we command a binary vector b; that denotes if a task vector
element is active (’1”) or passive (”0”). Employing this vector,
the Jacobian now will be assembled row by row such that
only rows of active task vector elements are incorporated. If
all elements equal one, the Jacobian describes the mapping
of the largest possible task command, comprising both hands
position and grasp axes as well as the head view axis. Having
e. g. zero elements for the grasp axes will lead to a mapping
that only controls the hand positions, but not their attitude.

The pseudo-inverse J # and the null space projection IN
then can be computed by means of equations (6) and (7). We
chose a diagonal weighting matrix W. Its elements correspond
to the work range of the individual degrees of freedom. Such,
each joint will contribute to the overall motion according to
its available motion range.

D. Constraining Individual Degrees of Freedom

In many cases, it is useful to constrain individual degrees
of freedom to remain fixed. One example is to “freeze” the
position and orientation of the heel, when the robot should
stand on a fixed position. This can be done by constraining
the heel dofs. Unconstraining the heel dofs will allow the heel
coordinate frame to “slide” on the ground. This can effectively
be used for real-time planning of how to optimally approach an
object. For this reason, we command a binary vector bo with
the dimension of the state vector. Each element of this vector
denotes if the respective state vector element is fixed (”0”) or
free to move (”17). If all elements equal one, the motion is
generated by utilizing all dofs. A zero-element will eliminate
the respective dof, it will not be moved. To realize this, the
respective column of the Jacobian has to be set to zero. This
modified Jacobian will lead to a null space projection matrix
in which the respective column and row is zero except for the
diagonal elements which will equal 1. These diagonal elements
also have to be set to zero in order to comply with the imposed
constraints.

E. Null Space Criteria

We implemented and qualitatively compared two cost func-
tions to exploit the null space: The ”squared sum of the joint
center deviations” (see e. g. [19]) and a “cubic sum of joint
center deviations” which is zero in some region about the joint
center. This zero region has also been proposed in [12] as
“activation threshold”. The gradients for a single element are
depicted in figure 3.
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Figure 3:

Left: Gradient of “squared sum of the joint center deviations”
Right: Gradient of “cubic penalty with activation threshold”

Both cost functions show a good performance in avoiding
joint limits. The latter one assigns higher motion rates to the
boundary-close joints since they are weighted more heavily
compared to the center-closed joints. Further, the “zero penalty
region” leads to some hysteresis in the motion, which adds a



human-like characteristic to the motion. We therefore favor
the cubic penalty approach.

Having excessively large elements in the gradient vector
might lead to oscillations and instability. We deal with this
problem by scaling down the null space velocities such that
the permissable joint speeds are not violated.

It has to be stated that these strategies do help, but do not
guarantee that the limits are not violated. In such cases, the
joint angles are clamped to their limit value.

When the constraints or task vector elements are modified
during the motion, the structure of the Jacobian changes and
instantaneous velocity jumps on joint level can arise. This is
particularly the case if constrained dofs or many task elements
are released, as large gradients will be mapped on the null
space velocities. To deal with this, we apply a jerk limit for
the null space motion rates. If this limit is exceeded, the null
space velocity vector is scaled down accordingly.

Figure 4 shows the smooth progression of the arm joint
angles in such switching situations. In the upper diagram, no
task is specified in the white region, while the arm z position
is moved to a high vertical target in the grey region. The lower
diagram shows switching from the task “hand z position”
(white) to controlling the hand position and attitude with all 5
task elements. It can be seen that there is a smooth transition
in the joint angles.
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Figure 4: Joint angles under different task switching situations

V. INCORPORATING BALANCE CONTROL

The controller as presented did not yet consider the con-
straints that are required to maintain balance during standing
and walking. As mentioned in the introduction, these aspects

are not handled within this framework, but rather by a separate
walking and balancing controller in ASIMO [7], [8].

/- Upper part COG-\A

Whole body Balance
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Figure 5: Separation of balance- and whole body posture control

The motion generated by the whole body motion controller
will lead to a displacement of the overall center of gravity.
This displacement is computed and interpreted by the balance
controller as a disturbance. We will now assume that the
balance control is computing some upper body shift in x- and
y-direction to control the balance. This is the case for our
system, and it also seems to be the standard way according to
literature. Therefore, kinematic constraints are imposed on the
upper body x- and y-dofs according to the above description,
such being excluded from the whole body motion generation.

Given that the task vector contains elements that depend on
the upper body shift, the task velocity vector is split up into
a whole body motion part (Index wbm) and a balance part
(Index bal).

Ii'wbm,:c Ii'bal,z
Iiwbm,y chbal,y
rEsy = | Fwomz | 4|0 (19)
Ptask 0
T owbm Tyar

Now we account for the upper body shift by incorporating its
velocity @pq;

j:task =J q + i:bal (20)

and solve for the joint motion rates according to eq. (5).

T
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Since the upper body shift is considered in the inverse
kinematics computation, the commanded magnitudes will be
tracked very accurately. Stability problems are unlikely to be
encountered, since a large motion of an end effector will only
lead to a small displacement of the overall center of gravity.
This displacement is effectively compensated by the balance
control. Figure 6 shows the control scheme in a block diagram.

VI. INCORPORATING WALKING

In the following, we will show how the method can be
utilized for real-time planning. This example illustrates how
to solve the problem of grasping an object that is out of range.



First, some criterion that is used to trigger walking has to
be defined. This could e. g. be the violation of a joint limit,
reaching a threshold in the null space cost function, or some
virtual force acting on the system.

Xbal
Xtask
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bc ) TV 8x Traj.| %
< filter
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Figure 6: Block diagram of the control structure
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When a command is issued, the controller will initially start
to move the effector towards the target while the robot is
standing.

If the chosen success criterion is violated, walking will
be started. Hereby, the kinematic constraints on the heel
coordinate frame will be released. In our model, this leads
to a “floating” heel basis that will converge to a position
and orientation that is optimal with respect to the null space
criterion. At the same time, the robot is commanded to walk to
the “floating” heel frame. Due to the released heel constraints,
the hands will automatically move to a more “relaxed” posture
according to the null space criterion. It is also possible to
control the hands with another strategy while walking, e. g.
with an arm swinging motion.

We employ a step generator that tracks the target heel
position and orientation. Once this has been reached, the
walking motion will be stopped, the kinematic heel constraints
will be activated and the robot continues to grasp the object.

This type of planning is very general as it can be applied
to arbitrarily composed task vectors. The resulting heel frame
position and orientation will always be a local optimum with
respect to the null space criterion. Employing such a strategy
allows to command the target in a very general way. Only the
object position and attitude has to be commanded, while the
whole body motion control will autonomously decide if it has
to walk or not.

VII. EXPERIMENTS

The control system has been tested extensively on ASIMO.
For the presented experiments, the task has been commanded
in a teleoperation-like manner by specifying the targets inter-
actively.

In the upper picture series of figure 7, a target position for
the right hand is specified. While the head and left arm joints
remain at their center positions, the right arm joints as well
as the upper body vertical position and attitude contribute to
the task motion.

In the middle snapshot series, both hand positions and
attitudes as well as the head attitude are controlled. While the

hands are instructed not to move, the head view axis is moved
from the left to the right side. In this case, the task vector
yields 12 elements. This means that a 12 x 12-matrix needs to
be inverted, which is the worst case concerning computational
effort. The computation time is less than 1 ms on ASIMO’s
CPU or a standard PC board. In the picture series, it can be
very nicely seen how the upper body rotates about the vertical
axis while the hands remain at fixed positions. Comparing the
first and last picture also shows that the hands are slightly
rotating about the grasp axis.

The bottom picture row shows the motion when just the left
hand vertical position is commanded to reach for a high target.
The hand motion in x- and y-direction now results from the
”joint limit avoidance” criterion that is optimized in the null
space. It can be seen that the upper body starts to rotate as
soon as the arm reaches an almost straight configuration. This
somewhat looks similar to a human motion. Another apparent
aspect is the higher robustness against singularities. Whereas
the pure arm Jacobian would be very close to singularity due
to the straight arm configuration, the whole body Jacobian is
far more robust as the upper body rotation and z-position also
contribute to the task motion.

VIII. CONCLUSION

The paper describes a flexible whole-body motion method
for humanoid robots. We represent the end effector orientation
with a 2-dimensional description suitable for problems with
symmetry, e. g. grasping cylindrical objects or looking along
a given view vector. The proposed scheme allows to assemble
the kinematic equations according to the task description at
run-time. Further, constraints can be applied to individual
degrees of freedom. We showed how balance control can be
incorporated, making the system applicable during walking.
Further, it is shown that real-time planning capabilities can be
easily incorporated: Walking can be seamlessly integrated in
the control scheme to achieve a given manipulation task.

The method works in real-time and has successfully been
tested on ASIMO. The algorithms can be used for real-time
control of the robot as well as for motion simulation.

Future work will go in the direction of force interaction,
planning and real-time simulation, such providing efficient
tools for decision making processes and learning.
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