Eurographics/ ACM SIGGRAPH Symposium on Computer Animation (2012)

P. Kry and J. Lee (Editors)

Task-driven Posture Optimization for Virtual Characters

Mingxing Liu, Alain Micaelli, Paul Evrard, and Adrien Escande

CEA, LIST, Interactive Simulation Laboratory, France

Abstract

This paper presents a generic approach to find optimal postures, including contact positions, for manipulation
tasks. It can be used in either the preparation for a task, or the evaluation of the feasibility of a task during
planning stages. With such an approach, an animator can control a virtual character from a high level by just
specifying a task, such as moving an object along a desired path to a desired position; the animator does not need
to manually find suitable postures for the task. For each task, an optimization problem is solved, which considers
not only geometric and kinematic constraints, but also force and moment constraints. The optimized postures
allow the virtual character to apply manipulation forces as strongly as possible, and meanwhile to avoid foot
slipping. Moreover; potential perturbation forces can be taken into account in the optimization to make postures

more robust. The realism of our approach is demonstrated with different types of manipulation tasks.

Categories and Subject Descriptors (according to ACM CCS): 1.3.7 [Computer Graphics]: Three-Dimensional

Graphics and Realism—Animation

1. Introduction

A prime functionality of a virtual character is to perform
manipulation tasks. The choice of postures can impact the
possibility of fulfilling a task successfully. Here we call pos-
ture a set of body configurations including contact positions.
Optimal postures usually vary from task to task. For exam-
ple, the virtual character may have to lean forward to push
an object, but lean backward to pull it; the feet may have
to be separated from each other to be able to generate ma-
nipulation forces that are sufficiently strong. Even for the
same kind of tasks, for example pushing, the optimal pos-
ture should be adjusted to adapt to different object’s physical
properties. Moreover, available contact positions are some-
times restricted due to environment constraints. For exam-
ple, the virtual character may need to choose foot positions
that allow the end-effector to manipulate an object without
moving the feet. These questions suggest that before per-
forming a task, it is important and beneficial for the virtual
character to choose postures that are optimal for the task.

In the context of computer animation where motion cap-
ture has become an essential technique, an operator’s pos-
tures can be taken as references for the virtual character.
Captured motions are lifelike, but they need to be adjusted
to handle manipulation forces and to deal with disturbances.
Moreover, the operator may not be skillful enough for pro-
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viding suitable reference postures for some tasks. Conse-
quently, his postures can be inappropriate for the virtual
character to balance the interaction forces or to improve task
performances. Many existing methods focus on the gener-
ation of foot contact positions for locomotion tasks. The
choice of contact positions with the purpose of improving
manipulation task performances by taking into account con-
tact forces remains a challenge.

This paper introduces a generic approach that can auto-
matically find optimal postures for a wide variety of manip-
ulation tasks. For each manipulation task, a constrained opti-
mization problem is solved off-line to find a sequence of op-
timal postures associated with a desired manipulation path,
in the neighborhood of a given initial posture. The optimiza-
tion problem is formulated based on a simplified model of
the character. This simplified model takes into account inter-
action forces with the environment and the kinematic rela-
tions between control frames. Here control frames are some
coordinate frames attached to the character’s body, the posi-
tions of which are to be optimized. Once a solution is found,
one can use a motion controller to make the character adjust
the contact positions, then to perform object manipulation by
following the desired motions of the control frames and by
applying desired forces. Our approach considers quasi-static
cases where dynamic effects can be ignored; therefore, we

delivered by

-G EUROGRAPHICS
: DIGITAL LIBRARY
diglib.eg.org

www.eg.org



http://www.eg.org
http://diglib.eg.org
http://dx.doi.org/10.2312/SCA/SCA12/155-164

156 M. Liu et al. / Task-driven Posture Optimization for Virtual Characters

suggest applying a quasi-static task controller for object ma-
nipulation, such as the one described in [LME*11].

The main contributions of our approach are as follows: (i)
It is a generic posture optimization that couples geometric
and kinematic constraints (G-K constraints) with force
and moment constraints (F-M constraints). (ii) It can im-
prove task performance by choosing suitable postures in a
preparation stage before actually performing the task. Con-
tact configurations for manipulation tasks are optimized for
user-specified manipulation paths and forces. (iii) It deals
with the redundancy of poses, and can make contact posi-
tions as robust as possible. The structure of our optimization
problem allows us to take precaution against mechanical in-
teractions and possible perturbations. By adopting the opti-
mized postures, the risk of failures either due to poor pos-
tures or due to perturbations can be greatly decreased.

2. Related Work

Task-based constraints should take into account kinematic
constraints related to the character’s body structure and geo-
metric relations between the character and the environment.
For example, the character may need to find postures that
allow its hand to move an object along a desired trajectory
without violating the constraint of its body structure. The
constraints related to a body structure can be formulated
based on forward kinematics, which provides a mapping be-
tween a body frame and the joint angles. One example is the
virtual kinematic loop equation [Smil0], which can be used
to force the frame of a link to coincide with another frame
in the environment. Researchers in robotics have adopted
such a constraint in the path tracking of robot manipulators
and wheeled robots [dSRA*05, DSDLR*07, Sti10]. Our ap-
proach applies this constraint on a virtual character to find
kinematically feasible motions for manipulation tasks. To
perform specified interactions with the environment, some
kinematic-based motion editing approaches modify input
human motions [PMM*09, JL09]. In [LP02], environmen-
tal restrictions are represented as positional and sliding con-
straints, and linear and angular momentum constraints are
used to improve the realism of motions. Constrained inverse
kinematics has been combined with a database of exam-
ple postures to synthesize motions that satisfy a set of G-
K constraints for manipulation tasks [YKHO04]. However, in
a physics-based simulation environment, these approaches
are limited when the character needs to react to interaction
forces during manipulation tasks; and moreover, approaches
based on a motion database usually cannot generate certain
behaviors to handle interactions if such behaviors are not in-
cluded in the motion database.

To adapt output motions to interaction forces, F-M con-
straints should be taken into account. For example, the equi-
librium of forces and moments should be considered to
ensure balance; and contact forces should be handled for
manipulation tasks, because the character’s body is under-

actuated and it needs to use contact forces to perform de-
sired motions. In some optimization based motion synthe-
sis approaches, physical constraints based on forces and
torques are included in the optimization to ensure physical
realism [FP03, JYL09]. F-M constraints have been consid-
ered in many task control frameworks [KSPW04, AdSP07,
CMALO7, LME*11], where the desired foot contact posi-
tions are either given a priori, or computed without consid-
ering interaction forces during object manipulation. Our pos-
ture optimization can be considered as a preparation step that
can be executed before applying these task controllers. In
fact, our approach provides these task controllers with a pre-
computed solution of suitable postures for given manipula-
tion tasks. These postures, including contact positions such
as foot positions, are optimized with respect to user-specified
manipulation paths and forces. We achieve this by taking
into account F-M constraints to handle physical interactions,
and G-K constraints to generate kinematically feasible mo-
tions with environment awareness.

The configuration of contacts is a major aspect that is
focused on in this paper. A support polygon reshaping ap-
proach has been proposed in [YKELO6], the idea of which
is to first try to reach the target with an initial support poly-
gon, and then reshape the support polygon according to the
feedback task error. An approach to plan foot placements ac-
cording to kinematic tasks has been described in [KLY11].
Compared with these approaches, ours is more general in
that besides G-K constraints, we also take into account F-M
constraints in the optimization of contact positions. More-
over, under many circumstances, the feet of the character are
fixed when its hands are manipulating objects along a seg-
ment of manipulation path [SSFO9,HNTH11]. Our approach
can provide a support polygon that is suitable for a segment
of end-effector motion path instead of for only one fixed end-
effector task target; therefore the character will not need to
adjust its foot positions frequently during task execution.

Besides, we also optimize contact positions to generate
robust postures with respect to perturbation forces. An opti-
mal control which allows the adaptation of walking motions
to physical perturbations has been proposed in [YL10]. Con-
tact forces are first generated off-line to reproduce reference
motions, and then adjusted on-line to maintain contacts and
balance during perturbations. But such contact forces that
satisfy current contact configuration may not exist. As our
approach considers manipulation tasks with the desired in-
teraction forces known a priori, contact forces and contact
configurations are optimized simultaneously before task ex-
ecution. Possible perturbation forces can also be taken into
account in our optimization to make the solution more ro-
bust. Moreover, kinematic relations between contacts and
control frames are not considered in [YL10], which may
generate kinematically unfeasible motions. Such kind of re-
lations is taken into account in our approach.
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3. Overview

The postures of the virtual character are adjusted to be adapt-
able to a manipulation task, which is defined by the manipu-
lation path, the manipulation force direction, as well as some
G-K and F-M constraints. According to these task require-
ments, posture optimization is used to find suitable postures
for the task. Before the task execution, the contact configu-
ration and the center of mass (CoM) position of the charac-
ter will be adjusted according to the optimized posture. The
character finally start to perform the manipulation task by
using a manipulation task controller, which takes as inputs
the optimized positions of control frames. The whole frame-
work is illustrated in Figure 1.

Task definition

- Motion path of the end-effector / object
- Desired manipulation force direction

- G-K and F-M constraints

!

Posture optimization
- Compute optimized control frame positions
- Compute the maximum allowable
manipulation force

CoM positions  i{foot positions
A Y

Posture adjustment
- Adjust foot positions
- Adjust initial CoM position

\4
Manipulation task controller
- End-effector motion control

- CoM motion control

\

Figure 1: Overview of the posture adaptation framework.

4. Posture optimization

The goal of this section is to formulate an optimization prob-
lem, which will be solved to find optimal postures in the
neighborhood of a given one. Such postures should allow the
hand to follow a manipulation path defined by the task, and
to apply sufficiently strong interaction forces on the object.
We seek to improve the robustness of the posture against ex-
ternal perturbation forces, and in addition, to make the pos-
tures as comfortable as possible. Besides, the optimization
result also provides possible contact forces on the feet and
the maximum allowable interaction force between the end-
effector and the object.

4.1. Simplified model

Our posture optimization problem uses a simplified model,
which considers some essential elements of the character,
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such as contact forces, the positions of the CoM and some
other control frames, as well as the kinematic relations be-
tween these control frames. This simplified model consists
of a punctual mass (m) at the CoM, one massless back, one
massless arm and two massless legs (see Fig.2). The model
has 15 degrees of freedom (DoF), including 6 root DoF (3
translational DoF and 3 rotational DoF), 2 DoF for each hip
and shoulder and 1 DoF for each knee and elbow. It has two

Figure 2: Simplified model.

contact points, one on each foot; and it has one end-effector,
which is the hand. The contacts on each foot and hand are
abstracted into one frictional point contact as in [BLO8],
which means only the net contact force between each body
segment and the environment is considered. These simpli-
fications help to reduce the dimension of the optimization
problem while retaining the important characteristics of the
interaction model.

The following notation is used in this paper.

e Positions are denoted as P. All the position vectors are
defined with respect to a global reference frame with axis
x,y, and z. The z axis points upwards.

e Joint angles are denoted as ¢, and the o-th joint angle is
denoted as gq.

e Forces in Cartesian space are denoted as F. The gravity
force applied at the CoM is denoted as Fg.

o Moments in Cartesian space are denoted as I

e Each frame j on the body of the virtual character is gener-
ally denoted by subscript j. More specifically, frames are
denoted by subscripts: ¢ for the CoM, If and rf for the left
and right foot respectively, & for the hand, and g for the
ground.

e The upper and lower limits of a variable v are denoted by
W oand vt respectively.

The manipulation path is discretized into sampled points.
A term associated with a discretized point i is denoted by
the superscript i. The desired position of the object at each
discretized point i is denoted as Pf,bj. The hand force at the
position Pf,bj is defined as Fi, = k'F’, where F is a unit vec-
tor indicating the desired force direction at point i, and K is
its magnitude.
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4.2. Optimization with respect to one discretized point
on the manipulation path

For clarity, we first describe a posture optimization problem
with respect to one pair of object position and desired manip-
ulation force direction (Pf)bj, F%). The optimization takes into
account the objectives of increasing the maximum allowable
manipulation forces, minimizing the risk of foot slipping,
and reducing joint discomfort, subject to all the G-K and F-
M constraints.

The set of the optimization variables is defined as

G)i = {Pé7qivF{ﬁFf‘br{fyrifpki} (1)

The optimization problem is written as follows:

min.w;, G, (0") + WfGSc((Bi) + quf] (@)
P

s.t. Whi (PL,q) &
Wi (0')

where Gy, Gy and G4 are the objectives, and Wk and Wrum
are G-K and F-M constraints respectively. The optimization
weights w are chosen based on different task requirements.
We will discuss how to make the choice of these weights in
section 6.

4.2.1. Objectives

To improve the manipulation ability, the hand force magni-
tude along the given direction is maximized by setting the
following hand force objective.

Gi(k') = —K' 3)

To avoid foot slipping, the foot contact forces should re-
main inside their friction cones. This non-sliding constraint
will be referred to later in this paper. As this constraint is
not sufficient to fully determine the tangential foot contact
forces, these forces are minimized by the following objec-
tive function, which helps to reduce the risk of foot slipping.

T L R Py
Gy (Fy, rf)*i SiFig —0—5 SieFy

@

where Sir and S;r denote matrices to select the directions of
the tangential friction forces.

A real human always intend to reduce joint discomfort
during manipulation tasks. An objective function of joint
discomfort G4 is used so as to imitate such human behav-
iors. The discomfort measure [YMK*04, MZC*09] is ap-

plied here. The objective function is defined as follows.

. X DoF . .
Gy(a) = Y. [a(Ad)’ + QUG+ 0L
oa=1
Aq& _ qu - qg
; (g8 — gby) 00
QUG = (0.5cos 2=~ +0.5)"
do. — 4a
3w i L
0L, = (0.5c0s 292~ 95) ¢ 5100
do. —4qa

This objective guides the optimization to choose joint angles
based on their neutral values and limits. It attempts to push
joint angles q away from their upper limits gV and lower
limits qL, and pull them towards a neutral value qN , SO as to
increase posture comfort level. As mentioned in [YMK*04],
the concept behind the discomfort measure is to enhance the
preference of using certain joints to fulfill a motion task, by
regulating the joint weight Y.

We will show in section 6 that a careful choice of the value
of Yo helps to improve the behaviors of the virtual character,
making them closer to those of a real human.

4.2.2. Geometric and kinematic constraints

Our G-K constraints take into account the geometric rela-
tions between the character and the virtual environment, as
well as the kinematic relations between the control frames.
An example of the constraints ‘I’E,K is listed below.

Joint angles should respect joint limit constraint:
¢ <q'<q’ ©)

We search for position solutions within a constrained region
of interest, which is a polygon around the object.

APL+be <d.
Aipiry (Piw qi) + by < dy @)
Arfprfxﬁy(Pi, qi) +bi <di

The hand position is constrained to point Pf,bj, which implies

that the hand moves along the desired manipulation path, as
the object does.

P, (P..q") P\ =0 (8)

The following constraint is imposed to prevent the feet from
overlapping each other. The distance between the feet is kept
lager than a minimum value.

\lj(plthv (PZL‘7 ql) ) pl‘fx7)*(Pi‘7 ql)) 2 df (9)

where y(Py,P,) denotes the distance between Py and P,.
The angle between the facing direction of the character and
the direction of the object is constrained in (10), where ¥
denotes the angle between the two vectors.

O(PL,q', Phy) < dy (10)

(© The Eurographics Association 2012.
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The positions of some control frames j may have to respect
some additional geometric constraints (11) in constrained
environments. For example, the optimal positions of the feet
should not penetrate into an object.

y(Poyj, P;(PL,q)) > 0 (11)

The contacts between the feet and the ground should be
maintained (12):

Plf,rfz(Pi‘v (li) —Pg; = 0 (12)

Since the position of each control frame can be obtained by
forward kinematics, they are expressed as a function of the
CoM position Pé. and joint angles qi. As aresult, constraints
due to the skeleton structure are implicitly included in these
G-K constraints.

4.2.3. Force and moment constraints

This paper is interested in manipulation tasks where the ma-
jor perturbation comes from mechanical interactions. The
character should be able to keep its balance under exter-
nal contact forces. To achieve this goal, the following F-M
constraints ‘I‘{:M are imposed. Only the quasi-static cases are
considered here, and the dynamic effects such as accelera-
tion are neglected.

To maintain the static equilibrium, the constraint of force
and moment balance (13) is imposed.

Fii + Fi + Fj (k) + Fg =0
Pi(P;,q") x Fie + Pur(Pe,q') x Fyg (13)
+Py(Pe,q") x Fj, (k) + P; x Fg +Tip, + T, = 0
In order to avoid foot slipping, each foot contact force is

constrained to remain inside a friction cone in (14).

. AT .
H[Flf,rf;,mf_rf’y] H guHme’z (14)

with u denoting the friction coefficient between the feet and
the ground. The hand force magnitude is constrained as fol-
lows.

K<k <iV (15)

The lower bound k* is defined by the task. It stands for the
minimum magnitude of the interaction force that is neces-
sary for performing the object manipulation.

4.3. Optimization with respect to a manipulation path

Given a manipulation path and the desired force directions
along the path, the whole posture optimization problem is
solved with respect to each discretized point i. We want the
foot positions to be fixed during the manipulation task (Fig-
ure 3), so the following constraints are used between each
discretized step.

Piri(PLq) —Pus(P g7 =0,i>2.  (16)
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In this way, the final solution of foot positions satisfy not
only the constraints associated with a local point #, but also
those for the whole motion path. It should be noticed that
we did not impose similar constraints on the CoM position
and joint angles. Therefore the virtual character is allowed to
move its body and change its posture during manipulation,
even though its feet are fixed.

Figure 3: Postures along a motion path with fixed foot po-
sitions.

Moreover, the minimum value of k' is maximized to max-
imize the hand force along the whole path. Hence, instead of
using (3) as the hand force objective function, the following
one is used for the whole path:

Gh({k"}) - fmiin{ki} (17)

An advantage of our posture optimization is that it can be
used to improve the robustness by taking account of pertur-
bations in the optimization problem. This can be done by
adding more pairs of hand positions and hand force direc-
tions. For example, at point i of the original motion path,
some perturbations (8Pobj, OF},) of different magnitudes and

directions can be added to Pf)bj and FZ
f)bj = ?E}bj + Py (18)
Fj, = F), + 8F),

The optimization problem is solved with respect to a set of
possible hand positions Pf,bj and force directions F}, so that
the posture solution can better cope with the perturbations.

The optimization problem is summarized as follows:
riliLriéithh +;(W G+ wqGl)
sit. {\ygk(Pz, qf)} (19)
{W;M(Qi)}
The above optimization problem contains several equality

and inequality constraints, most of which are nonlinear. We
solve it by using CFSQP algorithm [CLT97].
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Note that the optimization problem presented here is just
an example to explain the idea. It can be generalized to
handle other problems with different contact configurations,
such as a character moving one foot using both hands and
the other foot as fixed contacts.

5. Implementation for manipulation task control

The implementation of the aforementioned posture opti-
mization in the control of a character for a manipulation task
is divided into three steps:

Step I: Off-line posture optimization. Before task execu-
tion, the posture optimization problem is solved to find suit-
able postures for the manipulation task. The optimization re-
sult provides us with the optimal solution @*, from which
the joint angles (¢*) and the positions of control frames,
especially the CoM positions (P.*) and the foot positions
(Pis™, Pi™), as well as the maximum allowable value of the
manipulation force magnitude (k*), can be obtained.

Step 1I: On-line posture adjustment. The postures, espe-
cially contact configurations, are adjusted before task exe-
cution. In our implementation, a walking controller is ap-
plied to make the character walk to the optimized posi-
tion (Pyr*, Pi™). The walking motion generator presented
in [HDW*10] is applied here, which generates automatically
the reference trajectories of the CoM and the feet according
to their initial states and their desired states (P.*, Py¢*, and
Pi*).

Step I1I: On-line manipulation task control. The character
starts to perform the manipulation task by using a manip-
ulation task controller, which takes as inputs the optimized
positions of control frames and manipulation task require-
ments. The position of each control frame P;(P,¢*) can be
used as a reference position in the controller. In the next sec-
tion, we will show that the manipulation task performance
can be improved using the optimized postures.

To perform manipulation tasks, the force-based motion
control proposed in [LME*11] is applied. The motion of
each control frame is associated with a motion task force.
The controller takes as inputs the desired values of these
motion task forces F¢ and outputs joint torques. The joint
torques are computed based on the comprehensive consider-
ation of the desired control frame positions, joint angles, foot
contact forces and the gravity force. The solution of joint
torques 7 is used to drive the virtual character.

The manipulation task controller solves the following
constrained Quadratic Programming problem.

. d 2 a2
HFH_I;ZHF]' =Fjllw, + 7" —llw,
J? j
St Ot F;) =0 20)

T
H [Flf.rfx7Flf,rfy:| H < |[Fueer, |

where Wi and W, are weight matrices whose values are
chosen according to the importance levels or the priorities of
different objectives. The static equilibrium at each time step
is ensured by

Bt ) =Li- Y IF;~t, e
J

where L = [ 01 }T is a matrix to select the actuated DoF,
Jj is the Jacobian matrix evaluated at frame j, and fg de-
notes the gravity force in generalized coordinates. Each foot
contact force is constrained inside a friction cone to ensure
a non-sliding contact.

A proportional-derivative (PD) control law is applied to
compute the desired motion task force based on the state er-
ror (position error 8p and velocity error d,) of each frame j.

F/ = K, 8p (P P}) +Ky;8y, (22)

where P; denotes the actual position of frame j. The opti-
mized joint angles may also be taken into account by the
computation of desired joint torques T‘ql.

TZ = quSPq (q*7qr) + ququ (23)

Moreover, additional interaction force k¥, for manipulating
the object is added to the desired motion task forces of the
hand.

Fi =K, 8p, (Py, Py) + Ky, 8, + kE, (24)

with k¥ < k < k*. Since our posture optimization problem
is solved for each discretized point i, the smoothness of the
overall motion is achieved by using a smooth interpolation
trajectory that connecting the discretized desired positions
(Pj*) in the controller.

6. Results

The proposed method has been tested on a virtual character
performing different manipulation tasks in simulation. The
character consists of 45 DoFs, including 6 DoFs for the root
position and orientation, 8 DoFs for each leg, 7 DoFs for
each arm, 3 DoFs for the thorax, 3 DoFs for the chest, and 3
DoFs for the head.

Each of the following tests are divided into two parts. In
the first part, the virtual character tries to perform the task
without using posture optimization results, with its feet re-
maining at their initial positions. In the second part, the char-
acter performs the task using posture optimization results. A
walking controller is used to adjust the foot positions accord-
ing to their optimal values before performing the task. The
optimal trajectory of each control frame, especially the CoM
trajectory, is used as the reference trajectory during manip-
ulation. The experiment setup for each manipulation task is
in Table 1. Real-time animations can be seen in the accom-
panying video.

(© The Eurographics Association 2012.
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Table 1: Experiment setup: desired motion path P; and
manipulation force direction ¥, (applied by the objects on
the character) associated with each discretized point, where
O, denotes the origin of the valve, and Pg,,j denotes the ini-
tial contact position between the hand and the object.

Task P, ¥
open a valve O,bi+[0,0,0.25]7, [—1,0,0]"
O,h;+[0.177,0,0.177]7, [—0.707,0,0.707]"

0,,;+[0.25,0,0]7, 0,0, 1]7
Pgbj’ [Ovov*l]r
P +0,—02,0.6]". [0,0,—1]"
P),+(0,0.2,0.6]", 0,0, —1)"
PGy [0.—1,0)"
PO, +(0,0.4,0]7, [0, —1,0]"

move box

push storage
cabinets

6.1. Follow a desired motion path

Our approach can choose suitable postures that allow the
character’s hand to follow a curved motion path. To demon-
strate this, the character is required to open a valve with a
radius of 0.25m to 90 degrees with his right hand (Figure
4). The hand should follow exactly the given motion path as
quarter of a circle, because the valve can only rotate around
its rotation axle which is fixed. The desired hand force is
tangential to the motion path. The initial foot positions are
not optimized for the task, as they can cause a break of foot
contacts during manipulation.

Figure 4: Character opening a valve.

The optimized foot positions make the character walk
rightward before starting manipulation. This foot contact
configuration enables the hand to open the valve along the
given motion path without breaking foot contacts. It is ob-
served that less upper body movement is generated by using
the optimal postures than not using them, which makes the
whole body motion more natural.

6.2. Obstacle avoidance

An experiment of moving an object while avoiding obstacles
has been conducted. The character should change postures
so as to allow the hands to easily approach a box located
between a table and a shelf above the table, then move it

(© The Eurographics Association 2012.

around the shelf, and finally put it on the shelf (Figure 5).
The desired manipulation path goes around the shelf with a

Figure 5: Character moving a box while avoiding obstacles.

safety margin. The postures optimized according to this ma-
nipulation path can allow the character to successfully fulfill
the task without causing collisions with the shelf.

6.3. Joint comfort

Our posture optimization provides posture solutions that can
take into account the joint discomfort measure. The function
of the joint discomfort objective is to enhance the preference
of using certain joints to fulfill a motion task. This function
can be observed by comparing the behaviors of the charac-
ter taking up light and heavy box. In our experiments, the

(@) m = 5kg,Ypack = 0.4 (b) m = 15kg, Ypac = 10

Figure 6: Character lifting box of different mass (m).

neutral values qN are set to joint angles of an erect stand-
ing posture. A higher value of a joint weight Yo, reinforces
the value of gq to be closer to q&] , which means we prefer
to use joints with weights lower than Yo to make the end-
effector attain the desired position. Similar to [YMK*04],
we set higher weights for joints on the back of the charac-
ter, and lower weights for joints on the arms and the legs. In
addition, we adjust certain joint weights to adapt to different
task requirements. For a task of lifting a box, the character
can either lean over with the back then lift it up using the
back, or crouch down while keeping the back straight then
lift it by standing up. People tend to choose the latter one
to take up a heavy object. This is what physical therapists
usually suggest people to do in order to protect their backs.
Such behaviors can be achieved by tuning the joint weights.
For heavy box, high values are assigned to Yp,q associated
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with joints on the back of the body. As a result, the character
just slightly crouches down to pick up a light box; whereas
it crouches down more and carefully keep the back straight
to take up a heavy box (Figure 6).

6.4. Handle interaction forces

When searching for suitable postures for the task of lifting a
box, the weight of the box can be taken into account by k-
in (15), which indicates the minimum force that is necessary
to lift the box. It is observed that when the box is heavy, the
optimized CoM position is obviously behind its initial posi-
tion. This result is consistent with the needs of the character
to lean backward so as to balance the interaction force due
to the weight of the box.

Similar results have been observed during pushing tasks.
The character is required to push forward a storage cabinet
(Figure 7) a distance of up to 0.4m. Storage cabinets of dif-
ferent mass m (from 30kg to 50kg) and different friction co-
efficients with the ground u (from 0.1 to 0.4) are used.

Figure 7: Character pushing a storage cabinet.

The results of optimal foot positions tell the character to
separate the feet along the pushing direction, so as to gen-
erate a robust posture against the pushing force. Moreover,
the optimal CoM and shoulder positions tell the character to
lean forward. Similar behaviors can be observed when a real
human attempts to push strongly.

More fluctuation of the interaction force has been ob-
served without the use of optimal postures, which suggests
that optimal postures help to generate more coherent mo-
tions during manipulation. The magnitudes of the forces ap-
plied by the hand pushing a storage cabinet are shown in
Figure 8. It can be seen that the interaction forces result-
ing from optimal postures is more stable than those resulting
from non-optimal postures. Without an optimization before
task execution, the character may find his posture not quite
adaptable for the task from time to time. If continuing push-
ing forward as strongly as before will result in the loss of
balance, then the character will sacrifice the hand task per-
formance to ensure its balance; because the balance task is of
higher priority than all the other motion tasks. Consequently,
the pushing force will be reduced at this moment. However,
task performance can be improved by using the optimized

120

— 50kg (with posture optimization)

- - 50kg (without posture optimization)

100 « « 30kg (with posture optimization)
-.- 30kg (without posture optimization)

force (N)

20

15
time (s)

Figure 8: Forces applied by the hand on the storage cabinet.

CoM positions as the reference positions in the manipulation
task controller, because the optimized CoM positions pro-
vided by our posture optimization are suitable for the contact
configurations and the interaction forces.

7. Discussion
7.1. Compromise between objectives

The objective weights are chosen according to task require-
ments. If the character has to apply a strong manipulation
force, for example, taking up a heavy box or pushing against
a heavy obstacle, the weight wy, should be set to a high value
to enhance the hand force objective, and to ensure that the
maximum allowable manipulation forces are sufficient for
the task. If we want to reinforce non-sliding contacts on the
feet, then w should be assigned with a high value to reduce
tangential contact forces on the feet; however, the maximum
allowable value of k might be limited as a compromise. The
objective weights used in our experiments are: wy, = 1000,
wr =1, and wg = 500.

7.2. Robustness to mechanical interactions

Generally, the optimal postures tell the character to increase
the distance between its feet, along the direction of the ma-
nipulation force, so as to generate a robust posture against
this force. For example, when opening a valve, its feet are
separated from each other mainly in the lateral direction (x
axis). However, when moving an object forward or back-
ward, the feet are much more separated in the sagittal direc-
tion (y axis).

As mentioned before, perturbations can be taken into ac-
count in posture optimization. In our experiment, some per-
turbation forces, including those which are perpendicular to
the manipulation force, are considered. During task execu-
tion, external perturbation forces (up to 120N during 0.3s
or up to 90N during 1s) have been applied on the charac-
ter (Figure 9). When pushed by strong perturbation forces,
the character using non-optimal postures abandons the task
and sometimes loses its balance. It has to move its foot to

(© The Eurographics Association 2012.
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(b) Using non-optimal postures

Figure 9: Behaviors of the character before, during, and
after perturbations from an external pushing force (shown by
the red arrow) during task execution. The optimal postures
can better resist the push.

try to keep balance. However, by adopting optimal postures,
the character’s ability to continue task execution under some
perturbation forces is enhanced. Less body movements are
generated to resist strong pushes and to recover from them,
and neither foot slipping nor a break of foot contacts are ob-
served.

7.3. Physical consistency

Our approach represents the G-K and F-M constraints as
hard constraints. It is possible to represent some of the con-
straints as soft constraints to simplify the optimization prob-
lem. However, as our goal is to produce motions that can
really work in a physics-based environment, the crucial con-
straints for physical consistency, such as the F-M constraints,
should still be strictly respected. The motions provided by
our posture optimization are not the final output motions;
they are used as reference motions to improve the perfor-
mance of the task controller. The final motions are refined
by the controller, which do not just look realistic, but are
really verified in the physics-based simulation.

7.4. Limitations

The current approach has a few limitations. First, since the
posture optimization problem that we are dealing with is
not convex, several local minima may exist. The solution of
our posture optimization is a local optimum in the neigh-
borhood of an initial value; and the global optimum might
be drastically different. This is because the CFSQP algo-

(© The Eurographics Association 2012.

rithm that we use to solve our problem is based on deriva-
tives, which leads to a local minimum. However, we choose
to use a derivative-based optimization algorithm because it
converges the fastest. One possible solution to improve the
posture solution is to build a database of captured motion for
different kinds of manipulation tasks, so as to provide natu-
ral and lifelike initial postures.

Second, the computation time for solving the optimization
problem is sensible to the given task, especially the complex-
ity of the motion path. For all the experiments mentioned
above, it took from 0.06s to 2min to solve the problems. Cur-
rently we first apply posture optimization off-line. Then use
the optimization results in the on-line task controller.

Moreover, the current posture optimization might not al-
ways be able to find an optimal solution, especially when the
manipulation path is too long for the optimization to find a
suitable contact configuration that supports the whole path.
We plan to handle this problem by developing some auto-
matic segmentation techniques; so that the path can be di-
vided into several segments automatically, and posture opti-
mization will be executed segment by segment.

Besides, our approach considers quasi-static cases. It can
be successfully applied to generate motions for a variety of
manipulation tasks. However, it is still limited for synthesiz-
ing highly dynamic motions.

8. Conclusion

We have introduced a generic approach to find optimal pos-
tures for object manipulation tasks. The optimized posture
can enable the end-effector to follow given manipulation
path while applying the maximum manipulation forces with-
out causing foot slipping and balance problems. Besides,
constraints such as joint limits, non-sliding contacts, and ge-
ometrical relations with the environment can be satisfied.

The results of our experiments suggest that the proposed
posture optimization problem based on both G-K constraints
and F-M constraints can be numerically solved for a wide va-
riety of tasks. The obtained postures are different from task
to task, changing not only in favor of different motion paths,
but also for different interaction forces. Task performance
can be improved by choosing suitable postures before actu-
ally performing the task. The robustness of postures can be
improved, so that character can cope with perturbations due
to mechanical interactions.

This approach can be applied to a virtual character manip-
ulating objects while trying to follow an operator’s motions.
In the implementation presented in [NWB™*10], the opera-
tor needs to adjust his postures according to the character’s
balance features, such as the support polygon and the CoM.
Our approach automatically computes adaptable postures of
the character in advance for a task, and then further adjusts
its postures during task execution, so that the operator does
not need to compensate for the character’s balance.
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One future direction is to reduce the computation time
when there are a large number of discretized points along
a complex motion path. We can also improve our approach
by taking into account objectives concerning joint torques
as in [BMT94, HHBLO06]. Moreover, we can make our ap-
proach more generic by optimizing the trajectory of the cen-
ter of pressure (CoP) as well. So for each contact, the CoP
will be optimized and will be allowed to move inside the
support polygon instead of being fixed. To realize this, the
foot size and the admissible shape of the support polygon
should also be taken into account in the optimization.
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