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ORIGINAL ARTICLE

Dynamics-based analysis and synthesis

of human locomotion

Abstract One of the best ways to
synthesize realistic human motions
is to animate characters from cap-
tured motion data that inherently
respect motion laws. Retargeting and
interpolation methods are often used
to adapt these motions to different
representations of the character and
to various environmental constraints
but they may introduce physical
inaccuracies, although the synthe-
sized motions are natural looking.
This paper presents a method for
evaluating the physical correctness
of retargeted and interpolated loco-
motions using an inverse dynamics
analysis. Furthermore, we propose
to improve an initial database with
analysed motions that are synthesized
again by using a forward dynamics
approach.

The analysis algorithm consists in
determining the resulting forces and
torques at joints. With this intention,
we develop an automatic creation
process of the mass/inertia model
of the character. Then using support

phase recognition, we compute
resulting forces and torques by an
inverse dynamics method. The retar-
geting and the interpolation methods
change the physics of the motions.
This change is evaluated by using the
results of our analysis on artificial and
real motions and by using literature
results and experimental data from
force plates. The evaluation relies on
the study of several retargeting and
interpolation parameters such as the
global size of the character or the
structure of the model. The output of
this evaluation, the resulting forces
and torques at joints, are used to
produce physically valid motions by
using forward dynamics simulation.
With this purpose, we introduce
forces and torques normalizations,
and finally the synthesized motions
may improve the initial database.

Keywords Motion analysis and
synthesis - Kinematical influences -
Physical realism - Virtual human

1 Introduction

Synthesizing realistic character motions remains one of
the great challenges in computer graphics. It seems that
obeying physical laws is an important criterion of plausi-
bility of motion, and we think that it is why the dynamics
of human gait have been studied for quite some time for
animation purposes [7, 15]. The first method to produce
such physically motions is to animate characters from cap-

tured motion data that are inherently valid. These motions
are adapted to different representations of the character,
to various environments or to additional kinematical con-
straints. The kinematic and kinetic adaptations (by inter-
polation, edition, retargeting or blending) may introduce
physical inaccuracies in virtual human animation. It is
thus necessary to be careful when such methods are used.
Whenever the modifications introduce visually apparent
errors in the physics of a motion, dynamics improvements
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may be added as a post-process or may correct the adap-
tation algorithm. To this end, Safonova and Hodgins [13]
have proposed a method for analyzing the correctness of
some physical properties in linear interpolated motions.

In this paper, we present a dynamics-based validation
for retargeted and interpolated motions to improve an ini-
tial motion database thanks to a dynamics-based synthe-
sis. We study the dynamical correctness of the algorithms
through the change in the physics of the adapted mo-
tions. This validation relies on the creation of a biomech-
anical skeleton, i.e. a skeleton including information of
masses and inertias, and the computation of the resulting
forces and torques. Analyzing dynamics requires a high
number of parameters constraining the motion (including
ground support phases) and concerning the subject (in-
cluding masses and inertias). Our goal is thus to propose
a method to analyse, validate and synthesize locomotions
of virtual human characters. This method can be expressed
by three consecutive subparts:

— The description of an automatic, generic and stand-
alone computation process of the dynamics of a loco-
motion including the evaluation of the parameters of
the motion and the subject

— The application of this process for validating a motion
adaptation algorithm with the separation of the influ-
ence of retargeting and interpolation

— The adaptation of the obtained forces and torques at
joints in order to synthesize new motions improving
the initial database

The remainder of this paper is structured as follows:
Sect. 2 reviews the related works and our contributions,
followed by an overview of our system in Sect. 3. The
process used for the creation of the biomechanical model
of the character is outlined in Sect. 4. Issues concerning
dynamics-based analysis are developed in Sect. 5 and ex-
perimental results are presented in Sect. 6. Finally, we
present our forward dynamics-based approach in Sect. 7.
In Sect. 8, we summarise our contributions, discuss the
validation approach and outline possible future research
directions.

2 Related work and contributions

The approach of using both motion analysis and synthesis
allows for a coherence in the animation of virtual human
motions. The analysis extracts the data (such as trajecto-
ries) and invariants (such as laws) of the motion. These
parameters can then be used to synthesize natural looking
and physically valid motions. To simulate this interac-
tion, two complementary approaches have been proposed:
the first introduces physical simulation during the motion
synthesis and the second corrects the motion after the syn-
thesis, thanks to its analysis.

The first approach has been explored the most, start-
ing with the joint use of space-time constraints on pos-
itions and forces [10]. But the optimisation of the forces
at the joints involves long computing times. To reduce
this complexity, constraints on torques have been added
that include the mechanical constraints and the motion
style [1]. The zero moment point (ZMP) can then be used
to maintain the balance [14, 19]. The method has been ex-
tended to avoid the iterative process searching for optimal
solutions at each frame. This method is called dynamics
filtering [17]. The authors use a double filtering of the pa-
rameters to verify dynamical constraints. The first filtering
predicts the next vector state according to kinematical and
dynamical constraints such as the behaviour of the ZMP
and the initial posture or the limitation of angular mo-
ments. The second filtering corrects the residual inconsis-
tencies between the positions, velocities and accelerations.
Another possibility consists in extending the pose con-
trol graph of generating models with given postures from
motion captures. This method can be used to take into
account local contacts and collisions [3, 19]. In these ap-
proaches, angular moments are added to those computed
by the controllers. These moments can be computed, for
example, as impulses to return to the initial motion by
using a motion graph [3] or blending [20] methods.

The second approach is more recent, only a few works
have studied the physics in interpolated movements. From
the idea of determining the kinematical naturalness of
a motion, some researchers study the dynamical natural-
ness. Safonova and Hodgins [13] propose an analysis of
the conservation of basic physical properties in interpol-
ated motions such as linear and angular momentum, static
balance or friction on the ground. They suggest small
modifications to the standard interpolation technique that
in some circumstances produce significantly natural look-
ing motions. In their approach Ko and Badler [9] show
it is possible for part of the motion control, based on
inverse dynamics, to influence the locomotion synthesis.
This control manages the balance of the character and
preserves the forces at the articulations within empirical
intervals of data from literature.

In this work, we propose an approach of interaction
based on the dynamics analysis and synthesis of loco-
motion adapted from a motion database. We first present
a generic approach for validating a method of motion
adaptation through the change in the forces and torques
at joints. We pay special attention to the resulting ground
reaction forces, because we can compare them with ex-
perimental data from force plates. Our approach relies
on the representation of the character including mass and
inertia information needed to solve the fundamental laws
of physics. Our validation algorithm relies on the study
of several retargeting and interpolation parameters such as
the global scale of the character, the structure of the skele-
ton and the length of step. Then, we present a dynamics-
based synthesis approach using normalized physical data.
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The dynamics-based analysis and synthesis are indepen-
dent of the method used for the motion adaptation. Thus
our contributions can be summarised as follows: the eval-
uation, for validation purposes, of the resulting forces and
torques applied at the joints of an automatically created
biomechanical skeleton, and the synthesis of physically
valid locomotion using the results of this evaluation.

3 Overview of our system

The overview of the process is presented in Fig. 1. In this
process, the motion database is built with captured loco-
motion. In [12], we presented the retargeting algorithm
and the motion interpolation approach. They are based
on normalized representations of the character and the lo-
comotion. These kinematical adaptations may introduce
physical inaccuracies in such synthesized motions. An in-
verse dynamics-based analysis provides then information
on the physical correctness of the motion and also the
resulting forces and torques at the joints. In [11], we pro-
posed validation steps of this analysis. Finally, a motion
synthesis, using these forces and torques and a forward
dynamics-based algorithm, is used to improve the initial
database.
Some questions can then be raised:

— Are the adapted motions physically valid?

— If so, what are the limits of the method?

— Are these limits due to the retargeting or to the
interpolation?

— How can we add new motions to the initial database by
using the results of the previous step?

In this paper, we try to answer these questions and il-
lustrate them in our adaptation method, but the proposed
approach is generic and suitable for any method (interpol-
ation, edition, retargeting or blending).

| Resulting forces and torques | !
S

Fig.1. Our system overview with kinematical adaptation, dy-
namics-based analysis and synthesis using and improving a motion
database

To solve the fundamental laws of physics, and thus to
analyse the dynamics, we need to evaluate the parameters
concerning the character (see Sect. 4). We start by defin-
ing the hierarchical description of the skeleton, i.e. the
mechanical model defined by the positions of the articu-
lar centres linking the limbs. We further add all the needed
information such as masses, lengths, circumferences and
inertias of the limbs, to the model by using anthropomet-
rical tables [6] and regression laws [16].

The second fundamental part is to evaluate the param-
eters constraining the motion, i.e. the external forces act-
ing on the body (see Sect. 5). To solve this problem, the
angular accelerations at joints are needed. The first step is
to convert the input 3D motion into a joint-angle motion.
Then, using support phase recognition, we compute the re-
sulting forces and torques by an inverse dynamics-based
algorithm.

To synthesize new sets of physically valid motions, we
normalize the extracted forces and torques by the global
mass of the character (see Sect. 7), which is the most in-
fluential parameter that has been identified by our studies
on the influences of the retargeting and the interpolations
on the dynamics (see Sects. 6.2 and 6.3).

4 Creation of the biomechanical model
of the character

In this section, we present the process used to create the
biomechanical model of the character. We start by defin-
ing the mechanical model describing the hierarchy and the
degrees of freedom of the skeleton (in Sect. 4.1). Then, we
automatically upgrade the skeleton with the mass and iner-
tia of each limb (in Sect. 4.2).

4.1 Mechanical model of the articulated skeleton

We compute an articular model for two reasons: to map
the acquired motion on an angular-based skeleton and to
use the anthropometrical tables describing physical prop-
erties from distances between articular centres. At each
frame, we compute the three-dimensional positions P(a)
for each articular system a that we want to simulate. We
use the set of three-dimensional positions of the land-
marks P(/). We just have to associate at least one P(/) with
one P(a). The main interest is that it helps us to define
a very accurate position of an articular centre or a vir-
tual position like the root of the skeleton (using pelvis
landmarks, for example). Moreover, it allows us to define
articular centres and then to define an articular model from
any marker set.

Each articular centre is described thanks to the modi-
fied notation of the Denavit—Hartenberg representation [8].
This representation is a systematic approach to assigning
and labelling an orthonormal (x, y, z) coordinate system
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to each robot joint. It is then possible to relate one joint to
the next and ultimately to assemble a complete represen-
tation of arobot’s geometry. Four parameters are used to
define a linear transformation matrix between two succes-
sive coordinate systems associated with each joint. These
parameters are the length of the link d;, the distance aj,
the rotation «; and the angle 6; between the joints. The
modified representation is adapted within the framework
of the representation of a virtual human skeleton. Indeed,
the hierarchy of our skeleton is directly incorporated in the
representation, as well as the expression of the position
and the orientation of a joint in the parent joint reference
frame. Our system computes, for the whole motion, aver-
age values of distances between the articulations. These
values define the translation parameters d; and a;. We just
have to provide the rotational parameters o; and 6;.

4.2 Attaching mass and inertia

The mass and inertia of each limb provides the necessary
physical information, which enables us to solve the prob-
lem of inverse dynamics. Since anthropometrical tables
are different depending on the gender of the character, this
information is provided by the user. For the same reason,
we have to assign semantics to the skeleton, i.e. associate
a segment between two articulation systems to a human
limb. The semantics can be given manually or assigned
automatically if the articular systems have preset labels.

We model limbs by using cylinders of homogeneous
density because most of the anthropometrical tables and
laws use this representation. From the evaluation of the
lengths of the limbs (a; parameters), we are able to es-
timate the total human height and mass by using tables
described in [6]. Then, we use linear regression laws [16]
to estimate masses and inertias for each limb.

5 Evaluation of the external forces acting on the
body

Because solving dynamics needs angular acceleration
data, we have to compute the articular trajectories (in
Sect. 5.1). For that, we geometrically reconstruct the
postures according to the motion and the biomechani-
cal model thanks to the projection of this motion to the
model. Then, we compute resulting forces and torques (in
Sect. 5.2).

5.1 Articular trajectories

In this section, we address the mapping issue comput-
ing the joint-angle posture of the character from the 3D
positions of the articular centres. In general, mapping
a motion to a physical model is an under-constrained prob-
lem and optimisation requires additional metrics to find

a unique posture, for example with optimised-based IK
approaches [18] or spatial constraints [5] to preserve end
effector positions.

We solve the mapping problem for each articular sys-
tem (i.e. co-localised Denavit—Hartenberg joints set) in
sequence by using direct geometrical reconstruction, i.e.
computing the rotation matrix between the current and the
next articular centre, allowing it to be as close as possible
to the desired position.

— If the articulation is a pin joint, the dot product between
the normalized vectors representing the limbs gives the
cosine of the required angle 6). We add 0/, to its initial
value defined by the mechanical model.

— If the articulation is a spherical joint, we must choose
the rotation matrix among an infinity of solutions. But
we often have additional constraints, which reduce the
number of solutions. For example if the next articula-
tion is a pin joint, we can determine the future error and
then choose the rotation matrix minimising it. Aver-
age values can also be computed as long as the next
articulations are pin joints for minimising the succes-
sive errors. If we do not have additional constraints, we
compute the minimal rotation relative to the previous
reference frame.

5.2 Resulting forces and torques

In this section, we present the application of Newton’s sec-
ond law of motion, which is the core of force and torque
computation in the inverse dynamics process. Thanks to
the knowledge of the ground support phases and the
biomechanical model of the skeleton, we are able to com-
pute the resulting forces and torques acting at the joints of
our model. The structure of Newton’s second law of mo-
tion depends on the external forces applied to the body.
We solve it according to the external forces, which are
the ground reaction forces. For locomotion, there are three
different states: single support, double support and no sup-
port. For this support recognition, we use the method that
we have extensively described in [11].

Newton’s second law has two parts that are presented
separately for each of the three cases of support states.

Linear form of Newton’s second law:

The summation of external forces acting on alimb [ is
equal to the product of its mass m; (supposed constant) by
the acceleration a of its centre of gravity G;:
ZForcesl =mj-ag, (1)
— During the single support phase we recursively solve

the linear form of Newton’s second law from free ef-

fectors (foot not in support and hands) to the support
foot. Since only the gravity acts on the free limbs as
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an external force, we can solve the equation for these
limbs and calculate the force acting on the next limb,
and so on.

— When the character is in the double support phase, the
previous algorithm cannot be directly applied because
the two ground reaction forces FR; and FR, are un-
known. But the acceleration of the centre of gravity G
of the whole system leads to the equation:

FRi+FR+(—g)-y mi=(Ym)-ag @

where (—g)- ) my is the total weight of the charac-
ter. To solve this equation with two unknowns, we use
the angular expression of Newton’s law expressed at
point G:

GO x FR1+ GO, x FR> = [I]g - @G 3)

where O and O; are the known positions of support,
[/]c the inertia matrix and @¢ the angular acceleration
vector. The angular momentum term is equal to zero
because there is no localised momentum at these sup-
port points. With these two equations we are able to
compute the ground reaction forces and then iteratively
solve the linear equation from supports to hips.

— During a flying phase (no support), the computation
is straightforward. Since there is no additional force,
we then solve for the chains independently from free
segments to the trunk. This case is useful for running
movements and jumps. We thus obtain the internal
forces for any locomotion style.

Angular form of Newton’s second law:

The summation of external torques acting on a limb [ is
equal to the rate of change of its angular momentum:

Z(Gloj x Fp) +ZCJ'/1 =g, - &g,
J J

“4)

where O is the application point at joint j of the external
force Fj; acting on [/, and Cj; is the angular momentum

700 900
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500 700¢

600
400¢ 500}
300 400+
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200+
100¢
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100¢
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at O;. We use an iterative algorithm to solve the angular
equation at each articulation.

6 Experimental results

We have finally reached our analysis objective that is to
compute the resulting forces and torques at joints. In this
section, we answer the questions presented in Sect. 3, with
a special focus on the ground reaction forces (GRF).

6.1 Self-coherent validation

The first question was: are the adapted motions physi-
cally valid? To answer this question, we apply “direct”
adaptations, i.e. we apply the retargeting on a known real
morphology and we only use the real data of this character
to interpolate the motion. Figure 2 shows the comparison
of the GRF of such direct adapted motions with force plate
measurements of the same characters. In this figure, the
black plots are three ground reaction forces (in newtons)
measured by force plates for these characters and the blue
plots are the analysed ground reaction forces from nor-
mal locomotion with the biomechanical data of the same
characters.

The experimental measurements show that the first
character (left part of the figure) produces an almost con-
stant GRF, related to an immutable style of locomotion.
Our direct adaptation process has no difficulties repro-
ducing the same movement and thus the same GRF. In
the second experiment (centre part), the style of the cap-
ture locomotion is variable; the adapted GRF thus have
identical local maxima but different characteristics of the
motion (see Sect. 6.3). The third experiment (right part)
shows irregular captured GRE, the resulting adapted force
is different while remaining valid on the maximum am-
plitudes. This result is probably due to the shifting of
velocity.

In comparison with data described in the litera-
ture [2, 16], we notice, for example, that the vertical force

8007
700¢
600
5001
40071
300¢
200¢
100

Fig. 2. From left to right: a 55.4 kg man, a 79.6 kg man, a 58.2 kg woman
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shows the double hump generally observed in biomechan-
ics, and exceeds body weight at two different times during
the stance phase. The support duration also conform to
these data. Validation on forces and torques at all joints
have also been performed. These studies lead us to assume
that our process answers positively to our first question
concerning the physical correctness of the adapted mo-
tions.

Let us now recall the next two questions: what are the
limits of the method, and are these limits due to the re-
targeting or to the interpolation? To address this point, we
focus on the influence of the global scale of the characters
and the influence of the character structure.

6.2 Influence of retargeting

In order to study the influence of retargeting on the physi-
cal realism of the adapted motion, we observe the resulting
forces when we change the morphology of the targeted
character. Therefore, this study recovers how the retar-
geting algorithm changes the physics of the motion, but
has no relation to how the real physics change when the
morphology changes. For that, we plan to capture loco-
motion and foot strike force data for real subjects corres-
ponding to the changed physical parameters.

6.2.1 Global scale

We retarget one non-interpolated motion on eight different
morphologies and examine the GRF (Fig. 3a). All limbs
are scaled from half to double the size of the initial skele-
ton. Results shows that the global size of the character has
a huge influence on the dynamics, indeed the masses are
the main parameters in Eq. 1. In order to be able to com-
pare these GRF, we have to normalize them. We looked
for the relation between the scale on the morphology and
the scale on the GRF minimising the root mean square
(RMS) cumulated error (order 1). We show this relation in
Fig. 3b, and we observe that this relation is a linear func-
tion (correlation coefficient = 0.87). We also compare the

2000
1800
1600t
1400+
1200+
1000+
800
600
400+
200+

GRF with experimental data of real characters. We veri-
fied this relation by experimental data on several locomo-
tions and subjects between 0.7 and 1.2 scales. Under 0.7
and over 1.2, we suppose that this relation is still valid.

6.2.2 Structure of the skeleton from degrees of freedom

In this section, we change the structure of the skeleton.
We retarget one locomotion on two skeletons with 38 and
26 degrees of freedom (dof). They differ by the following
articulations: elbows, knees and ankles, where the spheri-
cal joints (3-dof) become pin joints (1-dof). This leads to
a reconstruction average difference of 2.0 cm per limb be-
tween the two structures. In order to study the significance
of this value, the resulting GRF are plotted in Fig. 4a, and
we present in Fig. 4b the RMS errors between the GRF of
the two retargeted motions.

The lateral error is very small and this is logical be-
cause during locomotion the linear acceleration of limbs
on this axis is low. If we retarget a locomotion on a more
restrictive skeleton (fewer dof), the influence on the fore-
aft axis is more important than on the vertical axis. Thus
when we retarget a motion, we must be careful of the fore-
aft acceleration of limbs. In this example, the higher GRF
difference is equivalent to a modification of the weight of
the character by 2.5 kg.

6.3 Influence of different modifications

As these results have been extensively presented in [11],
we limit the presentation to a summarised version of these
results.

The influence of the relative lengths of limbs is useful
to evaluate the initial errors in the articular centres esti-
mations. This influence is related to the retargeting part
of the process. For example, the influence of femur/tibia
length ratio while maintaining the global length of the
leg is one of these possible variations. The standard value
of this ratio is 0.95. We have performed variations on
this ratio between 0.7 and 1.3 and have shown that be-

Fig.3. Influence of a global
scale. We retarget one loco-
motion on eight morphologies:
x0.5, x0.7, x0.8, x1.0, x1.2,

100

x1.3, x1.5 and x2.0. The re-
sulting GRF (in newtons) are
linearly dependent of the scale
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307 —lateral
—fore-aft
25¢ —vertical
20t
15+
10+
5l Fig. 4. Influence of the structure
of the skeleton. We plot the 3D
‘ ‘ ‘ ‘ GRF (blue: the 38-dof model,;
) 50 40 60 80 100 black: the-26 dof model) and
their RMS errors during the lo-
a b comotion cycle

side these limits the RMS errors for the GRF are quite
small. Namely, they are less than 3 newtons. Therefore,
a loss of accuracy in the estimation of the articular centres
does not lead to a loss of accuracy in the produced forces
and torques. We also pointed out that the movements of
the heaviest limbs are the most influenced. This influence
can easily be observed by changing the upper/lower body
ratio as the trunk represents 43% of the total mass of the
body.

In order to study the influence of the interpolation on
the physical realism of the adapted motion, we have also
studied the GRF when changing locomotor parameters of
the motion.

When we want the virtual human to follow foot-prints,
we can modify the step size. The influence of the modi-
fication of the step size can also be useful to evaluate
the footskate corrections that are often used in adap-
tation methods. These corrections are mainly based on
changes of articular trajectories by using inverse kinemat-
ics methods and lead to the modification of the position of
the foot and the length of the step. We have varied the ini-
tial step size within a range from 0.7 (70%) to 1.5 (150%).
Besides these limits, the ground reaction forces are com-
parable to the initial ones because these steps are rep-
resented in the initial database. Outside these limits, the
results are not valid because the motion is not represented
in the initial database.

One of our applications was the study of a plausible
walk for extinct hominids [12]. To this purpose, we have
performed modifications on the rest posture of the char-
acter, which is driven by the erect percentile. When the
variation of this erect percentile is less than 1 (correspond-
ing to rest posture) and more than 0.8 (80%), the motion
is performed in a bent style and the results show no sig-
nificant disturbances on the ground reaction forces. On the
contrary, when the variation of the erect percentile is more
than 1 (the test has been performed until a value of 120%),
the motion is performed in a more erected style and the
disturbances are important. Namely, high erect postures
prevent large steps. The conclusion of these tests is that
interpolating to less erect styles of locomotion is safer.

The variation of the velocity of the walk is also an im-
portant parameter. The chosen range related to the initial
velocity is between 0.67 and 1.33. The results have shown
that the more the speed decreases, the more the error in-
creases. In this case, the physical properties are preserved.
On the other hand, when the speed increases, the am-
plitude of the double hump during the support phase in-
creases up to invalid values. At this time, the interpolation
process must change the motion style to a running loco-
motion (not managed in our approach).

7 Forward dynamics-based synthesis

The method of inverse dynamics presented in the previous
section allows for the evaluation of the physical realism of
locomotion. We obtain, after the resolution, the resulting
forces and torques that generate the motion. Now, we want
to study the possibility of using these data to synthesize,
by forward dynamics, new physically valid motions.

Additionally, as we normalized the representations of
the character and the motion during the kinematical adap-
tation process, we define a normalization of the resulting
forces and torques for the dynamics-based synthesis. The
proposed approach consists in associating forces/torques
to morphologies and styles of motion. We choose these
parameters because our analysis shows that they have
the most influence on the physical properties of loco-
motion. In the following section we present the relations
that we have observed between these data (in Sect. 7.1)
and their applications on preliminary virtual human simu-
lations (in Sect. 7.2).

7.1 Force and torque normalizations

We study the relations between the forces/torques, the
morphologies and the styles of motion by examining the
possible combinations. For example, we want to know if
motions from the same character and the same style pro-
duce the same normalized forces/torques. Similarly, we
want to evaluate such forces using several motions per-
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formed by the same character, using the same style of
motion performed by different characters, and using dif-
ferent styles performed by several characters. To answer
these questions, we compare, thanks to statistical evalu-
ations, each value of force/torque. We use and note these
evaluations as follows:

— RMS(p) is the Root Means Square error of p order.
— E.A is the average value of Euclidian distances.

— CC.A is the average value of correlation coefficient.
— Deriv. is the average first time derivative.

The RMS and E.A methods compute the distance be-
tween the sets, i.e. their absolute difference. The CC.A and
Deriv. methods compute their resemblance, i.e. their rela-
tive difference.

We present here, the evaluation of the normalization
on a small set of motions (see Table 1). The E{ motion is
our reference motion, and we want compare it with erect £
and bent B motions of the same (Character 1) and one
other character (Character 2). The mass of Character 1 is
74.0kg and the mass of the Character 2 is 69.7 kg. We
use these values to normalize the forces and torques, and
present here results for the ground reaction forces (highest
values of the external forces). To demonstrate the inter-
est of the normalization, we present two results. The first
one is the kinematical difference between the motions, and
the second one is the difference between the normalized
GRF.

In Fig. 5, we represent the kinematical difference be-
tween the motions thanks to the trajectory of the root node
of the character (middle of the pelvis). This trajectory is
characteristic of the motion and includes a large variation,

Table 1. Study of the normalization validity on a set of five motions

Character 1 Character 2
Erect E1E} Ep
Bent B B>

1,
08
06}
0.4}
02}

0,

-0.2}
~0.4} ol

-06/ B 7
—0.8F e ... =25

so easily evaluable, of its vertical component according
to the style of the motion. Table 2 shows the evaluation
of the differences between the reference motion and the
others.

We observe that motions with the same style have only
small differences (El,E/1 and E») and that E, is much
closer to Eq than Bjp. This means that the trajectory of
the root depends more on the style than on the morph-
ology of the character. Moreover, we assert that B; is very
distant from the reference erect locomotion E; (different
style and morphology).

Now, to illustrate the force/torque normalization, we
show the normalized GRF on the same motions and we
evaluate them using the same statistical criteria. Figure 6
shows the 3D components of the normalized GRF and
Table 3 presents the differences between the reference
GRF and the others. The most important result is shown
by the E, evaluation. Indeed, the distance and the re-
semblance with the reference motion are very similar to
E', the motion representing the average reproducibility

Table 2. Differences between the root trajectory of E; and the
others

Eq E’1 B E> B
RMS(1) 0.0 0.234 0.621 0.512 1.001
E.A 0.0 0.026  0.068 0.056 0.109
CC.A 1.0 0973 0.681 0980 0.399

Deriv (x107%) 0.0 12.0 23.0 6.4 42.0

Table 3. Differences between the normalized GRF of E; and the
others

E Ell B, E, B>
RMS(1) 0.0 0.150 0.426 0.141  0.946
E.A 0.0 0.025 0.071 0.026  0.148
CC.A 1.0 0938 0.826 0.954 0.702

Deriv (x1073) 0.0 36.5 74.1 373 162.2
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Fig. 5. Lateral, horizontal and vertical components of the root node. E| in black, E/l in violet, B} in blue, E; in red and B; in green (x-axis

is the frame time, y-axis is the 3D positions in meters)
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Fig. 6. Lateral, horizontal and vertical components of the normalized GRF. E| in black, E/l in violet, B} in blue, E; in red and B in green

of the reference motion. Normalized GRF from differ-
ent characters are therefore, here, quite similar to the
GRF from the same character for a specific style of mo-
tion. We demonstrate it in our small set of motions, but
we cannot say that the normalization is valid on any lo-
comotion of the same style or for any style. Therefore,
we plan to do conduct these evaluations on the entire
database.

7.2 Preliminary results

The method of motion synthesis thanks to force/torque
control can be solved by the forward dynamics approach.
Rigid body mechanics uses scientific models, which pro-
vides answers and algorithms for this approach. We use
such models and algorithms through a mechanical library,
called NMecam [4]. This library simulates the physical
motion of polyarticulated rigid bodies thanks to the auto-
matic computation and resolution of the laws of motion
applied on a specific system.

We only provide to the process the following param-
eters:

— The mechanical model: rigid bodies with masses and
inertias, and links

— The initial state of the system: values of the dof and
their first time derivate

— The external forces: gravity and GRF

— The motor torques: coming from the dynamics-based
analysis and the normalization

All of these parameters are extracted from the inverse dy-
namics approach, the creation of the system is then auto-
matic.

Our first results on human locomotion (see Fig.7)
are obtained as the combination of independent motions
of the limbs. The limbs of the character are analysed
as independent rigid bodies. Then, the forces/torques
are used to synthesize new motions on other characters
thanks to the normalization and the forward dynamics
method.

8 Conclusion

The topic of this paper is the study of human locomo-
tion using analysis and synthesis approaches. We have
presented a method of dynamics-based analysis of retar-
geted and interpolated locomotions with the aim of vali-
dating the used adaptation algorithm. In this method, we
first define the human model as a biomechanical repre-
sentation of the character. This representation is created
by improving a given mechanical model of the skeleton
using anthropometrical tables and regression laws. The
second stage consists in defining a transformation process,
which enables us to work with a joint-angle motion. Fi-
nally, using support phase recognition, we check the cor-
rectness of the forces and torques with special attention
to the ground reaction forces. The resulting forces/torques
can then be normalized by the morphology and used in
order to synthesize new motions using a dynamics-based
synthesis.

This process is automatic, generic and independent of
the adaptation method. Our analysis estimates how the
adaptation method changes the dynamics of the motion.
We have compared the results with real data, but it is not
sufficient to prove that the adaptation method is valid with
any required constraints. We need more experimental data

Fig.7. The simulation of a human locomotion with normalized for-
ward dynamics on the same character. The synthesized motion (in
grey), is very close to the original motion (in yellow)
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such as motor torques and ground reaction forces, and we
potentially need to overcome the standard limitation of the
dynamics-based approach (such as the uniform distribu-
tion of masses or the joint friction) to improve our inverse
and forward dynamics algorithms. More experiments on
the forward dynamics-based synthesis using the morpho-
logical normalization will be performed, extending the

example to the whole database. The three components of
the approach (motion adaptation, inverse dynamics ana-
lysis and forward dynamics synthesis) are complemen-
tary and independent. One of the most interesting future
works would be consequently to apply our methods to ap-
proaches using other adaptation algorithms and different
synthesis methods.

References

1. Abe, Y., Liu, C.K., Popovic¢, Z.:
Momemtum-based parametrization of
dynamic character motion. In: ACM
Siggraph/Eurographics Symposium on
Computer Animation, pp. 173-182, August
2004

2. Apkarian, J., Naumann, S., Caims, B.:

A three-dimensional kinematic and
dynamic model of lower limb.
J. Biomechanics 22, 143-155 (1989)

3. Arikan, O., Forsyth, D.A., O’Brien, J.F.:
Pushing people around. In: ACM
Siggraph/Eurographics Symposium on
Computer Animation, pp. 59-67, July 2005

4. Arnaldi, B., Dumont, G., Hégron, G.:
Dynamics and unification of animation
control. Vis. Comput. 5(1-2), 22-31 (1989)

5. Bindiganavale, R., Badler, N.I.: Motion
abstraction and mapping with spatial
constraints. Lect. Notes Comput. Sci. 1537,
70-82 (1998)

6. DeLeva, P.: Adjustments to
Zatsiorsky-Seluyanov’s segment inertia
parameters. J. Biomechanics 29(9),
1223-1230 (1996)

7. Hodgins, J.K.: Animating human motion.
Sci. Am. 278(3), 64-69 (1998)

8. Khalil, W., Kleinfinger, J.: A new geometric
notation for open and closed loop robots.
In: ICRA’86, pp. 75-79, April 1986

9. Ko, H., Badler, N.I.: Animating human
locomotion with inverse dynamics. IEEE
Comput. Graph. Appl. 16(2), 50-5 (1996)

10. Popovié, Z., Witkin, A.: Physically based
motion transformation. In: Proceedings of
SIGGRAPH’99, pp. 11-20, August 1999

11. Pronost, N., Dumont, G.: Validating
retargeted and interpolated locomotions by
dynamics-based analysis. In: 4th
International Conference on Computer
Graphics and Interactive Techniques in
Australasia and South-East Asia
(GRAPHITE 2006), Kuala Lumpur,
Malaysia, pp. 65-74 (2006)

12. Pronost, N., Dumont, G., Berillon, G.,
Nicolas, G.: Morphological and stance
interpolations in database for simulating
bipedalism of virtual humans. Vis. Comput.
22(1), 4-13 (2006)

13. Safonova, A., Hodgins, J.K.: Analyzing the
physical correctness of interpolated human
motion. In: ACM Siggraph/Eurographics
Symposium on Computer Animation,
pp. 171-180, July 2005

14. Tak, S., Ko, H.: A physically-based motion
retargeting filter. ACM Trans. Graph. 24(1),

98-117 (2005)
15. Van de Panne, M., Fiume, E.,

Vranesic, Z.G.: Control techniques for
physically-based animation. In: Proceedings

NICOLAS PRONOST has been a teaching assis-
tant at the IRISA Laboratory (UMR 6074) in
Rennes since September 2006. He received his
Ph.D. in December 2006 also in this laboratory.
His current research topic, the same as his
Ph.D. thesis, consists in the modelling and the
simulation of virtual human motions using kine-
matical and dynamical analysis and synthesis
approaches.

GEORGES DUMONT has been an assistant pro-
fessor at Ecole Normale Supérieure de Cachan
since 1994 and is a researcher at IRISA Labora-
tory. He gratuated in mechanical engineering
from the National School of Ponts et Chaussées
(Paris, France) and received his Ph.D. in 1990
at IRISA (UMR 6074) and his Higher Doctorate
(Habilitation a Diriger des Recherches) in 2005.
He has worked at Michelin and at EDF as a re-
search engineer on the finite element method.
His interests are in scientific computations for
VR, CAD/CAM, and virtual prototyping and
virtual human beings.

16.

17.

18.

19.

20.

of the Third Eurographics Workshop on
Animation and Simulation (1992)
Vaughan, C.L., Davis, B.L., O’Connor, J.C.:
Dynamics of Human Gait, 2nd edn.
Kiboho, Cape Town, South Africa (1999)
Yamane, K., Nakamura, Y.: Dynamics filter
— concept and implementation of on-line
motion generator for human figures. IEEE
Trans. Robot. Autom. 19(3), 421-432
(2003)

Zhao, J., Badler, N.I.: Inverse kinematics
positioning using nonlinear programming
for highly articulated figures. ACM Trans.
Graph. 13(4), 313-336 (1994)

Zordan, V.B., Hodgins, J.K.: Motion
capture-driven simulations that hit and
react. In: SCA’02: Proceedings of the 2002
ACM SIGGRAPH/Eurographics
Symposium on Computer Animation,

pp. 89-96 (2002)

Zordan, V.B., Majkowska, A., Chiu, B.,
Fast, M.: Dynamic response for motion
capture animation. ACM Trans. Graph.
24(3), 697-701 (2005)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


