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Abstract—This paper paves the way for contact retrieving of
human motions without environment knowledge. The goal is to
find out the minimal set of contacting links of the human body,
that is required to perform a recorded motion. First, we fit
the captured motion to a unified representation of the human:
the Master Motor Map. Looking at the Minimal Oriented
Bounding Boxes of the velocity and acceleration for every ik,
we determine whether one part of the link is moving or not. Ths
provides an initial guess of the contacting links. Then, basd , ‘
on the dynamic equations of the model, we find the minimal
set of contacting links that ensure the balance. Eventuallywe -
assess this method on several motions with actual and pretéed
contacts. We show that it is efficient for motions such as walkg  Fig. 1. Representation of the global framework of the tranffom motion
and that it deserves to be improved for more complex motions capture to humanoid robot. Our work is about the contactexetiy in the
with a lot of contact points. unified representation of the human motion: the Master Mdlap (see

Index Terms—Motion capture, balance, contact force, Master (61, [7D)-

Motor Map, Kinematic Bounded Boxes, human models.

present our first contribution on the Minimal Bounded Boxes
(MOBB) of the velocity and acceleration of every link to
In order to reproduce human motions on a humanoid robaetermine if they are kinematically suitable to be in conhtac
one has to look at the contacts between the human subjecSection 1Il. Section IV presents the second contribution
and the environment. This is essential to reproduce the sagiethe probability of links to be in contact regarding their
sequence of contact stances. We consider that the envirpnpact on the balance of the subject. Eventually, we define
ment cannot be known in an accurate way for every situatiahe minimal set of contacting links over small time intesval
Hence, we get rid of any environment knowledge and focyge validate our method with several motions as depicted in
our method on retrieving the contacting links during huma®ection V.
motions from kinematic and dynamic properties.
Human motion capture was already used to fit dancing m@lgorithm 1 Description of the contact retrieving algorithm
tions on humanoid robots [1]. It was also used to reconstriRequire: captured marker positions
the muscle activity using additional EMG and measuring thet: Kinematic fitting of the motion to the MMM
contact forces [2]. Recent work focus on the estimation of: computation of the kinematic suitability / link ranking
the dynamic properties of the contact [3] or of the humam: computation of the impact of the links on the balance
body [4]. 4: retrieving the contacts over small time intervals
To transfer a human motion to a humanoid robot, some
methods were already proposed such as the Dynamics Fil-
ter [5]. In this paper, we use the framework of the Master Il. HUMAN MOTION TO MMM

Motor Map as introduced in [6], [7] and presented in The first step of our method is to fit the captured data to the
Figure 1. Starting from any Human Motion Capture (HMC)yeference MMM Model. Thus, we describe the MMM Model
it transfers the motion into a unified representation of thghq the optimization process that is used to fit the motion

human body that can be converted to any kind of robot gpd discuss the issue of the orientation of the referencg. bod
virtual avatar in a second step. We focus on the computation

of the contact stances of the unified representation that deMaster Motor Map
needed to reproduce the motion on an actual robot. In this paper, we use the Master Motor Map (MMM)

In this paper we use the Master Motor Map (MMM) asvhich was first proposed in [6] and [7] as a unified represen-
the unified representation of the human. From this represeation of the human model. This model has eighteen spherical
tation, we propose a method as presented in Algorithm 1 jmnts, thus fifty four degrees of freedom as presented in
retrieve the contacting links. First, we briefly present how Figure 2. The kinematics and dynamic properties of this
fit the motion to the MMM model in Section Il. Then, wemodel are set according to the size and mass of the subject

|. INTRODUCTION




using DelLeva anthropometrics parameters as presented iffo compute the dynamic effect that occurs during a motion
Table | from [8]. The length., massM, the Center Of Mass as presented in Section IV-B, we need the ineftiaf each
COM and the Radius Of GiratioROG of any segment are link of the human body using the following formula:

given as a percentage of the total human sizend weight

w.

Moreover, we consider the joint limits as presented in

Table II.
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Fig. 2. Kinematic representation of the of the MMM model fera joint
positions.

TABLE |
KINEMATIC AND DYNAMIC PROPERTIES OF THEMMM’ S BODIES THE
VALUES ARE PRESENTED AS A PERCENTAGE OBODY SIZE OR WEIGHT

Segment L M COM ROG
X y z X y z
Waist 13711 ] O 4 0 34 365 38
Spine 10 10| O 46 4 | 286 26 32
Chest 18 17 | 0 46 0 | 31.3 285 35
Neck 5 [ 24] 0 20 0 | 316 33 316
Head 13| 7 0 13 -12| 30 26 31
Shouldef 10| 21 | -66 0 0 12 26 26
Upperarmt || 16 [ 27| 0 573 0 | 284 157 26.8
Lowerarnt || 13 ] 16 | 0 -533 0 | 32 14 31
Hand 10| 21| -66 0 0 12 26 26
Thight 25| 14 0 -33 0 25 114 25
Shank 23 | 4 0 -44 0 | 264 105 254
Foot 15| 13 0 -6 39 21 195 12

ROG, 0 0
I = M.W.(L.S)% 0  ROG, 0 (1)
0 0 ROG,
TABLE I
JOINTS LIMITS FOR THE BIOMECHANICAL MODEL (IN RADIAN).
| Joint I 05 | 0y | 0. |
Pelvis —0.87:0.61 —0.70: 0.70 —0.09 : 0.09
Mid-spine —0.61:0.47 —0.34:0.34 —0.63:0.63
Lower neck —1.13:0.70 —0.61:0.61 —0.61:0.61
Upper neck —1.13:0.70 —0.61:0.61 —0.61:0.61
Clacivul@ —0.01:0.01 —0.15:0.15 —0.15:0.15
Shouldef —2.26: 3.14 —2.26 : 0.00 —1.04:0.52
Elbow? [-0.001:2.79] | [~1.57:1.57] | [-0.01:0.01
Wrist? —1.22:0.87 —0.01:0.01 —0.52:0.35
Hip? —0.87:1.65 —0.35:1.13 —0.61:0.61
Kneé [—2.26 : 0.001] | [—0.01:0.01 —0.01:0.01
Ankle? [—0.69 : 0.52] —0.34:0.34 —0.34:0.34

B. Optimization Problem

During the capture session, the subject is equipped with
a set of markers. The position of the equivalent markers of
the reference model is:

Y P, = S. (“ Py, + " Ry," Py, 2

Where, S is the subject size’ P,,, the marker position

for a one-meter high subject expressed in the correspondent
frameid, YR, and® P,, the orientation matrix and position
vector of the frame expressed in the world frame that rely
on the joint values; and on the position and orientation
“Pres, Ryey Of the reference bodyof the MMM Model.

Note that, in the following of this paper, we simplify the
notation and consider any position in the world frame.

The fitting of the motion to the MMM Model turns into
finding the size of the subjec$, the trajectories of the
joint values, the position and orientation of the reference
body X (t) = {q(t), Pres(t), Rres(t)} that minimize the
difference between the measured and the computed positions
of the markers, ensuring that joint positions and velosiéiee
within their appropriate limits:

. T m 2
Xn(ltl)I}S Zti:O ijo (Pm(ti,j) - Pc(ti-,j))
< q(t) <T ©))
Vi, vt € [0,T) g <6l <7

G < ¢i(t) < s

Wherem is the number of markers ang represents the
time frame of the captured data.

1The data of this table are for the left parts, for the righttpaplease,
consider the opposite value for te-component of the COM.

2The data of this table are for the left parts, for the righttqaplease,
consider the opposite value for the limits féy.

SHere we consider the waist as the reference body



C. B-spline parametrization B
Previous work optimizes the motion using a frame by A

frame optimization [7], and returns to a filtering process in -
order to avoid high frequency motion of the joint angles. w
The size of the subjeci was computed from the first frame

from a specific posture (usually a T-pose). In this paper, we
rather optimize the whole motion and the size at once. To do
S0, we parametrize the trajectories using third-orderaunif

B-spline functions [9], already used in robotics fields [10] d u
[11]. Eventually the trajectory)(t) is computed fromNV; -7
control points: p
N b _- -7
Ve [0,Ty) () = bi(t)ps @) - >
i=1 X
1 (t) can represent the joint trajectories and the trajectories T

of the position and orientation of the waigh; are the

control points of the B-spline. The use of B-spline functon

produces smooth and continuous trajectories. In this paper

we pay attention to the trajectory of the reference body af@. 4. 2D lllustration of the 3D Minimal Oriented Bounding for the
recommend to perform a pre processing in order to avofg°city of one link.

mistake and the angles go from— e to —m + e.

MOBBs. We can have a guess of what the kind of contact
(planar, linear, punctual) might be:
« the three dimensions of the MOBBs are tight: all the
Since the motion kinematically fits the captured data, we points of the body do not move, this might be a planar
try to retrieve the minimal set of contacting links. In this  contact,
paper, we focus on non-sliding contacts. Hence, we look afte « two dimensions of the MOBBs are tight: some points
non-moving links or parts of the links for every frame. Then,  move in a given direction, this might be a linear contact
we rank the link over the whole motion regarding the amount  (rotation around one edge),
of time for which they do not move. We use a fitting walking « one or zero tight dimensions: some points move in
motion presented in Figure 3, as a tutorial example. different directions, this might be a punctual contact.

I1l. KINEMATIC INDICATOR

A. Principle

B. Velocity and Acceleration Bounding Box C. Kinematic Body Sate (KBS)

To determine if a link might be contacting the environ- [N this paper, we consider that the linknight be in contact
ment, we look if, at least, one point of this link is not movjng?t timet if the MOBB of the velocityB, (¢) and of the accel-

i.e., has its velocity and acceleration equal to zero. Toajo £ration B (t) intersect the threshold boxés | = [—¢; +¢]*
we compute the Minimal Oriented Bounding Box (MOBB@Nd [¢a] = [=5¢; +5e].
of the velocity and acceleration for all the points of thisklj
as presented in Figure 4. if (ByNle] =0)|[(BaNlea] =0) pi(t) =0

Once we compute the MOBB for the velocities and else pi(t) =1 ®)
accelerations, we get some clues about the existence of a
contact for the current body: pi(t) is called the Kinematic Body State (KBS) and is

. case a: the MOBBs do not contain zero: every poin?squal to one when the link might be in contact (at least one

of the link is moving, this link is not in contact point does not move) and is equal to zero otherwise. Figure 5

. case b: the MOBBs contain zero: at least one point Lgpresents the evolution of the KBS for the left foot and the
the Iink is not moving, this body r.night be in contact right foot. From the KBS, one can see that the left foot is

. case c,d: the MOBBs contain zero along one ayisi( moving first and the motion might be composed of 2 steps.
u): there is at least one point of the body that is ndd. Whole motion kinematic indicator

moving along this axis, this might be a sliding contact grom the KBS at each frame, we compute the indicator
(in y direction for the case ¢ and in u direction in casg, \hich we consider as a probability of the corresponding
d). In this paper, we do not consider sliding contaci§k to be in contact during the motion:

which will be the topic of future works.

T
The second point we do not use here, but that deserves o = T Zpi(t) (6)
t=0

to be considered in future work, is about the size of the n;
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Fig. 3. Representation of the tutorial walking motion.

L

set of contacting links that ensure the balance of our model.

A. Dynamic model and balance

The most commonly used criteria to characterize the
balance of humanoid robots is the Zero Moment Point [12].
Unfortunately, this method cannot be applied in case of non-

T T T L 7 planar contact. We rather characterize the balance of the
(a) left foot (b) right foot robot by monitoring if the Contact Wrench Sum (CWS),
due to gravity and dynamic effects, remains in the Contact

Fig. 5. Representation of the Kinematic Body State for tleftet and :
the right foot of the tutorial walking motion fa; = [0;0.1]. WrenCh Cone (CWC) as presented in [13]. We start from the
inverse dynamic model:

M (q) Hi (g, q) I (9)
Ma(g) +lm@m]+kﬁ@1F”)

whereT' € RMes is the vector of the joint torquedVl; €

Wherey; is the initial probability of the link as defined in r _
Table lll, 7; is the longest amount of time for whigh(¢) = 1 0
andn; is the number of changes for the valuem®ft).

TABLE Il RNaosxNaoy WV, € R6*Neor are the two components of the
INITIAL CONTACT PROBABILITY FOR EACH BODY. inertia matrix,H; € RN4s andH, € R® are the two vector
| Body [ tinit ] components due to gravity, centrifugal and Coriolis effect
right/left foot 1 J; € RNaosx3Ns and J, € R6*3Ns are the components of
right/left hand 01 the Jacobian matrix is the vector of the contact forces and
waist 0.01 Naos i i e e
FightTeft thigh 0001 g eR is a vector containing théV,,s joint positions
rightfleft shank || _0.0L (@) _
right/left forearm || 0.001 ConsideringF = {F, F», ..., Fy,} as a set ofV; linear
right/left arm 0.01 forces, the balance of the robot will be satisfied, if the aoht
f}g‘:} 8'8381 forces that counterpart the dynamics effects are unilatera
neck 50001 and stay within the friction cone, i.e. the contact forcesmu
ensure the following constraints:
Then, we rank the links regarding the value ®f, for Dy + JTF = 0

which the linka; has the highest indicator value. The final

ranking of our tutorial example is presented in Table IV. vie{l,...,Ns} F >0 (8)
' . t2 < g2 2
ABLE v vie{l,....Ns} [[E|]? <o?F
KINEMATIC RANKING FOR THE TUTORIAL WALKING MOTION . WhereD2 — M2(q)q + HQ((], q) is the force due to the
[Tank | body | value ofa; | dynamic effects applied on the reference body, ands a

@ Fight foot 592681 guess of the friction coefficient.
a2 left foot 119465 . .
as left hand 1596 B. Does contacting link help ?
as |l nghthand] 1540 In this subsection, we define a criterigfi. (r € NT)

which declares if the set of contacting links to a, is

From Table IV, it appears that the feet are more suitab?émidem to ensure the balance. This criterion is computed

to be in contact with the environment than the other parts [t @1y frame and will be used to retrieve contacts over a
the body. longer time interval as depicted in Section IV-C.

Starting from the ranking of the bodies and the KBS, we
IV. TAKING THE DYNAMICS INTO ACCOUNT will evaluate the impact of the link; to a, on the balance
The final step of our method is to take into account thef the robot. To do so, we will evaluate how the balance of
dynamic effects of the motion. We aim at finding the minimahe body can be ensured, i.e., how much additional moment



must be considered on the non-moving contacting links fJgorithm 2 Determine the minimal set of contacting links
counterpart the dynamic effects. Hence, consideringsther from the indicators/,

first links of the kinematic ranking, we solve the followingRequire: I,

problem: 1 if In < 0.01%9.81 x W then

2. There is no contact
3. End of the algorithm
4: end if

5 r=1
6
7
8
9

. _ —ar A2
Flg\linpl Cr = Zi:al pZMi

©) & while I, < Is + 0.01(Iy — I1s) do
r=r+1
: end while
: the minimal set is composed of the linksis p; = 1

with Zar pl(JZT(P)Z)[F’z ]\/[Z]T) = —Dy

i:a1

and Vi € {ay,...a,} P, €V,

where, M; is the additional moment?; is the 3D-position
of the contact force andf; is the volume of the linki. The
criterion C, of problem (9), indicates the capacity of the

considering links to be contacting the environment. Sinee weeded, therefore they must be the only contacting links for
consider linear forces, we consider that no extra momests #is motion. To define the minimal set of contacting links,
needed to ensure balance whép~ 0. we perform the algorithm as presented in Algorithm 2.

As stated previously, this paper paves the way for retriev- [, is the minimal value of the criterion when considering
ing contacts without environment knowledge. Obviouslg thall the 18 bodies. Ideallyl;s must be zero. However, if
contact point?’; should not be within the volume of the linkthe KBS was too restrictive, the process might ignore some
but on the surface of this volume. This point will be includedeeded bodies, which will produdgs > 0. Eventually, we
in future work. To describe the non contacting phase, wft the minimal set of contacting links that counterpart at
define the criterionCy as the sum of the dynamic effectdeast ninety nine percent of the dynamic effects. The final
expressed in the frame of the reference body: results of contact retrieving on the tutorial walking matio

. is presented in Figure 7.
Co = |/ Dy| (o) ©P ?

L V. EXPERIMENTS
C. Contact phase retrieving

The last step of our method is to determine the successj We evaluaFed our method on sevgral mo.tlons: walkmg
contact phases for the whole motion. We decompose t ‘Fwa_rd, waII_<|ng backward, stepping with Iea_nmg on gqhaw
motion into several intervals ak; = 0 ls. On each interval %p_plng while pretending o lean on a charr, crav_v||r_19 z_and
we sum the indicatorg, — 3° ¢ C..(tz.) in order to find making a cart Whe_el m0t|0q. We used the optimization
the minimal set* of contactinéiepgfnt; d solvgr Ipopt [14] to fit the motions to the .MMM-I.\/IodeI and

' considered the threshold= 0.1 for the kinematic part of
the contact retrieving. The results are shown in the atthche
multimedia file and can be found at http://www.youtube.com/
watch?v=FRIYmZDInxE.

The contact retrieving is very effective for simple motions
such as walking. Unfortunately, there are some errors for
complex motions, where our method retrieved some links
as contacting (non-contacting) despite they obviouslyewer
(weren't). We consider, that without any environment knowl
edge, our method is good enough to provide a guess for the
contacting links even if a manual check may still be required
in the general case.

1e+06
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200000
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VI. DISCUSSION

Our method proved to be efficient for some motions such

Fig. 6. Representation of the indicatdr over the whole motion duration as walking and stepping pretending or actually leaning on a
for the tutorial walking motion. chair. Nevertheless, for more complex motions this method

can be used as an initial guess of the actual solution that has

Figure 6 shows the computation of the indicatpover the to be (for now) corrected manually.

whole motion duration for the tutorial walking example. The We set the initial contact probability (cf. Table 1ll) to giv
sole usage of the right foot is not sufficient, but considgrirhigh priority to the feet and hands. This might fit most of the
the right foot and the left footr(= 2) makes this indicator situations. However, for some specific motions this can lead
very close to zero. We conclude that during this motion the a wrong contacting sequence. In this case, the resultor t
right and left feet are the minimal contacting links that armitial contact probabilities deserve to be checked mdypual

no contact
right foot
right hand
left shank
right shank
left forearm  +
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Fig. 7.

Representation of the contacting links for the tatowalking motion.

As depicted in Section IV-B, we are looking for contact ACKNOWLEDGEMENT

points that are within the shape of the links. The next stepThe research leading to these results has received funding
of our work will be to research contact points that are on thgym the European Union Seventh Framework Programme
area of the link that does not move. Currently, we detect th@erman Research Foundation (DFG: Deutsche Forschungs-

one part of the link does not move and look for the contagemeinschaft) under the SFB 588.

point within the whole shape of the link. It is also interagti

to ignore the points of some parts of the links, for example
the parts that are merged with another body (the shank ar
the ankle for instance) and to take into account the friction
cone normal to the shape. To improve our method, it might
be interesting to build a feasibility map of the environmentl[2]
i.e., any point of the world that was occupied with a part
of the body cannot be a possible point of contact, hence is
not in the feasibility map. This will only work in a static [3]
environment.

In this paper, we based our contact indicator only ori]
balance. It could be also interesting to take into accouat th
torque limits of the model in order to validate the balancgs)
and if the motion can be performed by a human. One can
also think about an evaluation of how the motion can be done
in a comfortable way through this contact stance. 6]

The last improvement should be to automatically modify
the threshold of the KBS, in such way that we can find the
perfect balance, i.e., the indicatOfy equals zero. This should 7]
overcome the error in velocity and acceleration due to the
motion fitting.

(8]
VII. CONCLUSION

We proposed a method to retrieve the contact point@]
of a captured motion without any environment knowledgeLo]
First, we generated a motion for the MMM Model, our
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