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Dynamics Filter—Concept and Implementation of
Online Motion Generator for Human Figures

Katsu YamangeMember, IEEEand Yoshihiko Nakamuraviember, IEEE

Abstract—in this paper, we describe the concept and implemen-  In this paper, we propose the concept oflynamics filter
tation of a dynamics filter an online, full-body motion generator  and present an implementation with high interactivity. The basic
that converts a physically infeasible reference motion into a fea- function of the dynamics filter is to convert a physically in-

sible one for the given human figure. Our implementation of the istent tion int istent It in f L
dynamics filter only uses time-local information, that is, does not CORSISIENt MOUONINLO " CONSISIENL ONe: IS Main 10cus IS in

require the whole motion sequence in advance. Therefore, the ref- generating a motion sequence that is theoretically feasible for
erence motion may be changed online in response to the interac-a given human figure. Any motion data may be input to the

tion with a human or the environment. The dynamics filter is im-  filter as a reference: human motion capture data, motions cre-
plemented based on an efficient rigid-body collision/contact model. ated by hand using animation software, or kinematically synthe-

This model itself provides an efficient algorithm for dynamics sim- . d fi The d ics filt ides | flexibility i
ulation of collisions and contacts. We demonstrate the power of the slz€d motons. The dynamics niter provides farge fiexibility in

dynamics filter by several example motions that use motion capture applying the existing motion data to a different model or envi-

data as a reference. ronment.
Index Terms—Collision/contact model, human figures, motion The implementation of the dynamigs filteris based, onourpre-
generation, motion synthesis, physical consistency. viously proposed method for computing the dynamics of struc-

ture-varying kinematic chains [1]. The original method is ex-

tended to handle collisions and contacts between the robot and

the environment. This extension is also described in detail be-
NTERACTIVITY is a key issue in many applications of hu-cause it has not been published yet. The method also serves as
manoid robots working in a changing or unknown enviroran efficient collision/contact model for dynamics simulation.

ment with a human. A robot may need to avoid an obstacle sud-

denly appearing in front of it, resist external forces applied to its

body, or abruptly change the walking direction as ordered by its Il. RELATED WORK

master. Most previous research has discussed the interactivity in, ... generation considering the dynamics of human fig-

humanoid robot motion on the behgvu_)ral Igvel. Although SUGtes has been discussed in both the humanoid robotics and com-
approach_es are capable ofgeneratmg mtelllgent behav_lors, tr_@cﬂ?er animation fields. One of the major approaches is to de-
still remains the problem of attaching physically feasible a ribe the motion by a few parameters and optimize them using

natural _fuII-body.motion to the be*.“f’“’i”- L the ZMP constraint ([2]-[5]), inverted pendulum model [6], or
Physical consistency, the condition that the motion is phyﬁe’arning [7]. The problems of such approaches are that the pa-
ically possible for some choice of internal forces, is essent

for stabl d reliabl i fh id robots. The t meterization scheme depends on the motion and that the op-
or sla € an rte a fe mo |onslo hum;’:(ljngl ro Ots.t E.I Ot ization usually runs offline due to the heavy computational
anguiar momentum, for exampie, should be constant Whtle t, 4 ‘woreover, parameterization of a motion tends to yield an
human figure is in the air. The zero moment point (ZMP) shou

be in th tact i link X tact with t tificial, unfriendly motion. Some online controllers are pro-
€nthe contactarea It one or more links are In contact wi Bsed ([8]-[10]), but they focus on unexpected disturbances
environment. There may be other constraints depending o

ific robot such as ioint t q le limit lﬁ'ing the operation and only allow small differences between
Specilic robot such as joint forque and angle fimits. the ideal and actual environments and models.
Another approach is to use integrated control schemes to

) . . . ) create various behaviors ([11]-[15]). A problem with this
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; - ‘% task because the available information is limited, but would be
Dynamics Fllte_r_,» essential for real-time and interactive applications.

g 4] Itis also worth pointing out that the dynamics filter approach
is reasonable from the viewpoint of the learning process of hu-
mans in the following sense: we first imitate just tirematics

of a motion watching how the others execute it, then adapt the
motion to thedynamicsof our own body and the environment
by actually executing or practicing by ourselves. Applying an
offline dynamics filter may correspond to practicing a diffi-
cult task many times. Simple tasks, on the other hand, may be
feasible walking motion by modifying the angles of waist jointachieved by a single trial, which in turn may be achieved by an
with a Fourier series function such that the ZMP stays in thgline dynamics filter.

footprint. The computation is offline and their approach is lim-

ited to cyclic motions. Talet al. [21] proposed an alternative

method for the same purpose and their method can be applied V. BASIC EQUATIONS

to wider range of motions. However, their method is also an of-
fline process.

physically consistent,

A variety of
human-like motions

Fig. 1. A motion generator using a dynamics filter.

Sections IV=VI describe the collision/contact model used in
our implementation of the dynamics filter. The model is an ex-
tension of the forward dynamics algorithm presented in [1] for
structure-varying kinematic chains, which only handbdat-
eral constraints where the joints can constrain the links in any
Most of the existing methods for generating motions dfirection. Collisions and contacts, on the other hand, are subject
human figures have problems from the standpoint of interado-unilateral constraints where the constraint conditions change
tivity due to their poor flexibility, offline computation scheme,according to the direction of the motion. For example, the rel-
or long computation time. A dynamics filter is expectegttive motion of two links in contact is constrained in the inter-
to provide a solution for these problems. An example of penetrating direction but unconstrained in the reverse direction.
motion generation system utilizing a dynamics filter is illus- This section extends the previous method to compute the con-
trated in Fig. 1. First, several properties, such as the motistraint forces and the following section describes a fast iterative
(walk/run/sit,. . .), the model (mass/link length, .), character procedure to find the constraint conditions that satisfy the unilat-
(male/female, adult/child,. .), and emotion (happy/angry/saderal constraints. Section VI describes the method for computing
...) are selected and combined kinematically. We can empldye discontinuous change of the velocity due to a collision. The
various techniques for the kinematic synthesis of motiomsethods presented in these three sections enable fast simulation
([22]-[25]) at this stage. Next, the combined reference motiai collisions and contacts based on a rigid-body contact model.
is input to the dynamics filter, which outputs a physicallyA simple reorganization of the equations derived here serves as
consistent motion, preferably close to the reference. Usdhe basis for the implementation of the dynamics filter as de-
may make some trial-and-error experiments with the dynamissribed in Section VII.
filter to meet their taste. In interactive systems, the referenceSuppose a link in a robdtink Ris in contact with an envi-
motion may change during the computation according to thenment linkLink E. Following the strategy described in [1], we
user inputs. create a virtual link oLink R namedLink Ry, as a child link of
Implementation of the dynamics filter may be offline or onkink E as illustrated in Fig. 2.
line. An offline filter could take advantage of knowing the whole In rigid joint constraint,Link Rvis connected td.ink E
sequence of the input motion in advance and would be ablettwough a joint of a known type. In contact constraint, on
generate the globally optimum motion. This type of dynamidbe other hand, we do not know the constraint condition at
filter would be useful for creating artistic films in computetthis stage. We therefore place a 6-degrees-of-freedom (DOF)
graphics or a motion library for humanoid robots. An online dyjeint betweenLink Rvand Link E and impose an additional
namics filter, which this paper describes, faces a more difficidonstraint on the joint velocity of the 6-DOF joint.

I1l. CONCEPT OF ADYNAMICS FILTER
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Let Npor denote the total DOF of the robot including the 6 The fact that the joint values of the robot are the generalized
DOF of the root linkg; € RNDOF the vector composed of thecoordinates means that we do not have to reselect the general-
joint velocities of the robotdy € R the joint velocity of the ized coordinates and recompute the inertia matrix even if the
6-DOF joint betweerLink RvandLink E, andrg € R® and constraint condition or the number of contacts changes. In addi-
#ro € R® the spatial velocities dfink RandLink Ry respec- tion, we can easily compute the inertial matrix in the generalized
tively. Again following our strategy, we virtually cut the jointcoordinate space because it is simply the joint space inertial ma-
betweerlLink RvandLink Eto obtain a virtual open kinematic trix of the robot.
chain. The two sets of joint velocitie#, including those ofthe  Now we derive the equations to compute the constraint forces.
actuated joints, anl, including those of the virtual open kine-Let A € R™¥P°r X ror denote the inertial matrix in the gener-
matic chain, are written as follows, respectively: alized coordinate space abhdlenote the velocity product and

. . gravity terms, both of which can be computed easily by applying
fo :oJ_ (1) well-known methods such as [26]. Lef € R™P°" denote the
b, — (0},’> @) vector composed of the joint torques of the robot apde R®
0, denote the joint force/torque of the 6-DOF joint betwéark E
and the generalized coordinatis are yet to be selected. andLink Rv 7y is essentially the cons_traint force_ and moment.
#5 and# g, are described as Note_that the elements of; correspon@ng 'Fo the six DOF ofthe
root link are always zero. To make this point clear, we introduce

ip=Jpb; (3) another vector4 € R""°*~° that includes only the torques
(4) ofactuated joints, and another matfiy € RNvorx(Noor—6)

that mapsr4 tor; as
whereJ r € R*Mror andJy € R®*® are the Jacobian matrix
of rg with respect tdf; andrg, with respect tdfy, respec-
tively, that is Using these notations, the generalized force acting on the system
¢ € R’ is computed as

TRy =Jvly

T,]:H?;TA. (11)

8‘I’R
Jp=E (5) ,
80,] TG = ST <‘rV > + fext
gy = I (6) T
v aoV . = HTTV + H§TA + foxt (12)
Becauserg, should be equal tag, the following equation wheref,_, is the effect of known external forces.
holds: The equation of the motion of the system is [27]
by b, +b—
(JV—JR)<é‘]>:O @ Ab;+b=1g (13)

because the generalized coordinates of the systerfijar®n
where O denotes a zero matrix/vector. This equation cothe other hand, the relationship betwdgrand@y is described
responds to the closed-loop constraint in [1, eq. (9)]. Wsy

assume there are no other contacts between the robot and the . " . .
environment for simplicity, but the equations can be extended 0y =Hb; + Hb;. (14)

to multiple contacts with only straightforward changes. If Link Ris fixed toLink E, namel)év — 0, we obtain the fol-

The next step is to extract six independent columns of tm,\,ing equation with the unknowrﬁs] andry from (12)—(14):
coefficient matrix of the left-hand side of (7) to select the gen-

eralized coordinate; and compute the two Jacobian matrices < A -H" ) <0J> _ <H§TA + fe.zt - b) (15)
w2 000 /00 andS é 004/08¢. Jy is usually a coordi- H O TV —Ho, .
nate transformation froréy- to 7z, because they represent therhe coefficient matrix of the left-hand side of this equation is
same physical values (linear and angular velocityiok RV in  always square, and invertible Jfz has full row rank. We can,
two different coordinate systems. The columndofare, there- therefore, compute the joint acceleratidhysas well as the con-
fore, independent of each other, which means éhatontains straint forcer .
the generalized coordinates of the system, and that the Jacobianhis equation is identical to the equation of motion of con-
matrix of dependent joints (in this cagk; ) with respect to the strained systems derived in various methods ([28], [29]), except
generalized coordinates is computed by that the generalized coordinates and the inertial matrix are based
He J'( dn)=Jo'J @) on joint values. Also, we encounter the matHd ' H” while
v R vV <R solving (15), which is identical to the operational space inertia

as described in [1, eq. (17)]. Therefol#, andS are formed as Matrix [30] in single contact case or the extended operational
space inertia matrix [31] in multiple contact case.

W=I 9 If Link RandLink E are in contact, the constraint condition
g - H (10) varies depending on the contact state. Suppose the constraints
\I for the acceleratiofly- are described as

wherel is the identity matrix of the appropriate size. Kcby = 0. (16)
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i i i . Line contact
Using this notation, (15) becomes Point contact

() ()0 S

TC a

~H. Surface contact

o

where
He2KcH
e 2Kcery
tZ2HYr +f.,—b
—Hcb;.

1>

a (17) Fig. 3. Contact coordinates for each contact state.
Equation (17) is the general equation of motion of a human ) N ) )
figure, including the constraints with the environment, an@nd the constraint condition and the constraint force that satisfy

serves as the basic equation for collision and contact simulatid¢ unilateral conditions. Here we assume that the normal rela-
tive velocity is zero. If the links come into contact with nonzero

normal relative velocity, it is set to zero by the collision compu-

tation described in the next section.

A. Related Work The idea of the trial-and-error procedure is to assume a con-
Simulation of collisions and contacts has been discusssttlaint condition and compute the constraint forces and mo-

for many years and a number of methods have been proposednts to satisfy the constraints, and then check whether they

They are basically divided into two categories: penalty-basedtisfy the unilateral conditions. If they do not, we change the

methods and analytical methods. constraint condition and compute the constraint force again. The
In penalty-based methods ([32], [33]), contact forces aprocess is repeated until all the constraint forces and moments

generated by virtual springs and dampers at the contact poiststisfy the unilateral conditions.

These approaches are the most common ones in commercidlhe whole procedure is summarized as follows.

software packages for dynamics simulation because of the eas;i) Set all possible constraints at each contact pair.

implementation. However, the problem is that this approach 2) Compute the constraint forces and moments by (17).

requires extremely precise and time-consuming simulation due3) Check whether the constraint forces and moments satisfy
to the stiff system. It is also difficult to find parameters that the unilateral conditions as described in Section V-E

yield realistic results. _4) Ifinvalid constraint forces were found, modify the con-
Analytical methods compute the contact forces that satisfy straint as described in Section V-F and return to (2), oth-

the unilateral conditions using optimization techniques such erwise proceed to (5).

as quadratic programming (QP) [34], linear complementarity 5) Compute the joint accelerations using (17).

problem (LCP) solvers [35], [36], or other simplified tech-

nigues [37]. These methods can produce relatively stable results

with large sampling time, but solving optimization problem§&. Contact Coordinate

tends to be time consuming and requires a simplification of

the problem. There are some other approaches such as]j We place the virtual link frame, or the contact coordinate

m . . . . .
pulse-based method [38], which is powerful in systems whel@me, as illustrated in Fig. 3 for the simple representation of
bouncing occurs more frequently than stick contacts various constraints. Theaxis is always identical to the normal

As a whole, efficient and precise simulation of collisions antector of the contact surface. The other axes and the position are

contacts still remains an open research issue. One approacﬁefoas follows, depending on the contact state.

V. CONTACT

overcome this problem is to make use of the nature of collisions *
and contacts in question to simplify the problem [37]. We de-
velop an efficient method for collision/contact simulation taking
advantage of the observation that most contacts in human mo-
tion do not produce bouncing. .
Our method is basically an analytical approach but, instead of

Point contact: position is set to the contact point, and the
direction ofz andy axes are arbitrary.

Line contact: ther axis is taken in the direction of the
contact line, and the position is set to any point on the line
Face contact: position is set to any point in the contact
surface, and the directions efandy axes are arbitrary.

the mathematical optimization techniques, we apply a trial-andsger this assumption, the constraint matiic has a very

error process to find the constraint condition and contact forc§§np|e structure composed of only 1's and 0’s for all practical
that satisfy the unilateral conditions. Collisions are modeled g@§nstraint conditions. For example, if a pair of links in line con-
discontinuous change of the joint velocities to enforce zero rekq is fully constrainedK - becomes

ative velocity between the contact pairs and to avoid impulsive
accelerations on impact.

B. Overview

We can compute the contact force for a specific constraint
condition by solving (17). In this section, we presenta method to

10000 O
01 0000

Kc=|0 0100 0 (18)
000010
0000O0TCO0°1
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TABLE |
PossIBLE CONSTRAINT CONDITIONS FOR
EACH CONTACT STATE

constraints state

1D .

Ve | Uy | U2 | we | wy | we || face | line | point
CO|O]|OlOJO|O| Of x x
allolololx|O0lOof x |O| x
||O|O|O| x| x|Of| OO x
C3||O|1 OO x x x X X O
Ca x| x| OlO|0O| x O X X
Cs x| x| Ol x|O| x X O X
Ce || x | x |O] x| x| x O | O O
Cr x x | x x x X O O O

because only the rotation aroundxis is unconstrained. If the
links are slipping K ¢ would be

(19)

because the motion inandy axes is not constrained either.
In the following discussion, the spatial velocity of the contact
coordinate and the constraint force/moment are expressed in the

contact coordinate and denoted by vectarsv,v.w,w,w,)? 4)

and(fy fy f-nznyn.)T, respectively.

D. List of Constraint Conditions

Table | shows all the possible constraint conditions (sets of
constrained directiong}, — C~ and the feasibility of the con-
straint conditions in each contact state. The colwmmstraints
shows whether each direction is constraig€y) or not(x) in
each constraint condition, while the colustateshows whether
the constraint condition is feasib|€)) or not(x ) for each con-
tact type. In point contact, for example, only constraint condi-
tionsC3 (position constrained),s (only normal direction con-
strained) and’; (no constraint) are feasible, because point con-
tacts cannot produce any moment.

ConditionsC; andC's, wherew,, is constrained but,, is not,
are possible only atline contacts. Similarly, conditi@)) where
v, andwv, are constrained bub. is not, is possible at point
contacts. The reason is that in face and line contacts, i$ not
constrained, namely, if the links are rotating around the normal
vector, the total friction force is determined uniquely because all
points in the contact area, except for the center of rotation, are
slipping. Although it is possible to consider a situation where
the slipping of the center of rotation is constrained, it is omitted
for simplicity.

There are also limitation from the current relative velocity of
the links in contact.

« If v2 + 02 > 0orw. # 0, directions inv,, v, andw.
are not constrained. That is, if the links are slipping, the
relative motion in the tangential plane is not constrained.
o If w2+ w? > 0, directions inw, andw, are not con-

2 Yy
strained.

E. Constraint Force Validity Check

For all constraint forces and moments corresponding to the
constrained directions, we execute the validity checks listed

425

below. If any one of the checks fails, we immediately change
the constraint condition as mentioned later.

1) Normal force

The normal forcef, should be in the repulsive direc-
tion, namely,f, > 0.

2) Center of pressure (COP)

n, andn, should satisfy the condition that the COP,
computed by(n,/f., —n./f.,0), is in the contact area.
If not, the actual COP is set to the pointin the contact area
closest to the computed COP.

3) Friction

The friction force should be smaller than the maximum
static friction, namely

V2t 1 Sust

whereps is the static friction coefficient. If the friction
force exceeds this limit, the links in contact start slipping
in the direction computed by

fa
_ S _

Twist moment

When rotation around axis is constraineds ., is the
sum of the moments due to the static friction forces dis-
tributed over the contact area. Upper and lower limits of
n, depend on the distribution of the normal forces, and
cannot be determined only by the total normal fofce
Before dealing with this problem, we first focus on the
twist moment around the CO®. whenv? + v; # 0 or
w, # 0. We consider two extreme cases.

1) When the links are slipping and not spinning,
namely,,/vZ +v2 # 0 andw. = 0, the friction
forces are in the same direction and the net friction
acts at the COP because each friction force is
proportional to the normal force acting at each
point. Therefore, the friction forces do not produce
moment around axis at COP, s@., = 0.

2) When the links are spinning around the COP,
namely,, /92 + vg andw. # 0, whered,, v,,, and
w, denote the velocities at COP, the friction forces
act as concentric circles, so the torque around
axis is maximized. Although it is impossible to
compute the torque exactly, we can approximate it
by

(20)

T

Iy o . 1)

f2+ 17

~ max

7™ = —sgu(w.)lup f- (22)

wherel is the dimension of the contact area ansl
is the slip friction coefficient, andgn(z) denotes
the sign ofz.
Taking the above observations into account, we approxi-
matern.. by the following function:

ﬁz = _Sgn(wz)p(T)l:quz (23)

wherer is the distance between the COP and the center
of rotation, andp(z)(z > 0) is a function which returns
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TABLE I not executed because the corresponding directions are not con-
NEW CONSTRAINT CONDITION; THE NUMBER OF THE CHECK ITEMS strained. For example, in conditiaf,, which means that the
COINCIDES WITH THE ITEM NUMBER OF THELIST IN SECTION V-E . T . ’ .. ’ . .
links are slipping, check on friction forces is not applicable be-
check failed cause the friction forces are explicitly computed fr@m
from ) ) 3) @) For a pair of the current constraint condition and the check
Coq) || Coas)6,7 | Coasy67 | Casyze,r | Caes)ze7 failed, the new constraint condition candidates in the corre-
C2 Cy(s),6,7 — Cu(s),6,7 Cy(5),6,7 sponding cell are evaluated from left. The conditions previously
003 gﬁﬂ C— Ce,7 - visited or inadequate for the contact state are ignored, and the
é‘(;) é;” 207 _ _ first available condition becomes the next constraint condition.

Note that, for example, negatiye does notimmediately lead
to constraint conditior®”;, namely, no constraint. In some situ-
0 for z = 0 and converges to 1 asincreases. Through a ations, even if we had negativie for a certain constraint con-
similar method, we can estimate the maximum and migition, we might get positivef. after removing constraints in
imum values ofr. whenv,, vy, andw. are constrained. (v, 4,,7.) or (w,,w,) directions.

In this case, we have computéd, f,, andn. required  The computational load for recomputation of constraint
to constrain the motion in the three axes. If the frictioforces after switching constraint condition is quite small.

force exceeds its limit described in (20) and the tangen- 1) ComputeH . Practically, the work needed here is just to
tial directions have turned out to be unconstrained, we do select appropriate rows .

not have to _ch_eck the validity of, b_ecause th_e rotation_ 2) ComputeHcA_ng and its inverse. This is not time
aroundz axis is not constrained either, as discussed in consuming either, because the matrix to be inverted is

Section V-D. Otherwise, we first compute the ratio of the usually small, and we do not need to recompdtend
actual friction force with respect to the maximum friction A1 '

force ks by 3) Computerc.

NI G. Forces Depending of
by = Yy (24) p g ofi.

ws f= When the links are slipping, the, andv, directions are not
which is always between 0 and 1. Largg implies that constrained, and the friction forces are computed explicitly by

the distributed friction forces directs almost the same di- fo= —sapnf-
rections. In the above discussion, we observed that in slip- i
ping without spinning, where the directions of slipping Y
frictions are exactly the same, we have = 0. There- wheres = (Sz 8y 0)T is the unit vector in the slipping direction.
fore, it can be estimated that/f; is large, the absolute We have to put the effect of friction forces into the equation of
values of the limits for.. will be small. Smalli;, on the motion (17). Howevery., on which the friction forces depend,
other hand, implies the directions can vary, in which cagecomputed by solving this equation itself afidand f,, are not

n. is maximized by applying static frictions tangential tdncluded in7¢.

concentric circles around the COP. For snigl] there- ~ Let us denote the rows dif corresponding ter, y, andz
fore, the absolute values of the limits for will be large.  directions, namely, the first, second, and third rowshbyh,,,
Finally, the maximum absolute value af can be esti- andh., respectively. Also denote the restHfby H,, and the

= — Sy,quz

mated by vector(n; n, n.)T byn. The contribution of contact forces to
the generalized force is computed by

n ™ =sgn(w;)(1 — kg)lup f-. (25) F
Note that(1 — k) is used in place of(r) in (22). To T, (T 3T 3T gyT fy
check the validity o, we first convert it to the moment H f= (hm hy h. H") f-
around the CORSCF by n

nCOF = . — ey fu + caf, (26) = (=scuph] = s,uphy +hT) .+ Hyn
where(c, ¢, 0)T is the position of COP, and then check _(_ T _ T 41 g1 ([
if [nCOP| < e, ( seitohy = sypphy +h. H”) n
=Hore @27)

F. Transition Among Constraint Conditions

. . .. whe
Table Il shows the transition among the constraint conditions

re
when invalid contact forces were found. The rows show the  H¢ sohDhs ;yﬂDhy * hz)
current constraint conditions, whereas the columns show the "

new constraint condition for each check. The constraint condtguation (27) means that adding the effect ofAsgp friction to
tion numbers in the brackets are used in place of those outgeineralized force is equivalent to replach@ by H in (17).

the brackets for line contact because those constraint conditiom,, n,, andn . are also handled in similar manners. Whgn

are not feasible in line contact. “—" indicates that the check endw, directions are not constrained and the COP are known

>

(28)
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to be at(p,. p, 0) in the contact coordinate,, andn, are com- VI. COLLISION

puted by The method for simulating collisions is derived by applying

the same extension to the method for computing the discontin-
Ng = Pyl (29) uous changes of joint velocities using Newton’s Impact Law and
Ny = — pafe (30) conservation of momentum [1].
The conservation of momentum is described as

Whenw, is not constrained; . is computed by (23). HgFC = —AAG, (31)
Let hnu(u = 7,y,z) denote the rows ol corresponding to

w,. If each direction is not constrained, the rowMl corre-

sponding tov. is increased by the following vectors:

whereF' ¢ is the impulse and\@; is the change of joint veloci-
ties. The kinematic constraint after the collision is described as

HC(0,1 + ABJ) = vc (32)
W i Pyhna wherevc is the velocity of the contact coordinate after the col-
wy i = prhay lision.
w, = sgn(w)p(T)luph,.. vc is computed using Newton'’s Impact Law. Newton’s Im-
pact Law describes the relationship of the normal relative ve-
locities before and after the collision. In order to handle the im-
pulses in tangential and rotational directions, we extend the dis-
H. Limitations cussion to all constrained directions. The modified impact law
is written as
The method has two major limitations as the drawbacks of
the simplifications. ve = —evc (33)
* Multiple Contacts wherev0 is the vector of relative velocities of constrained di-

The problem of handling multiple contacts is thgections before the collision, andis a diagonal matrix con-
coupling between the contacts. We basically reduce th@ning the coefficients of restitution in the constrained direc-
number of constraints if invalid constraint forces arggns.
found, and each contact pair never revisits the constraintgased on the observation that most contacts in human mo-
conditions that have been already checked. This schefighs are inelastic, the elementotorresponding to the normal
enables us to obtain the feasible constraint forces wigfirection is set to 0, namely, the links stay in contact after the
O(mn) computations, wheren denotes the number of cojlision, although it may be set to nonzero values in other situa-
pairs in contact anch the number of possible contactions. If the tangential directions. andv, and the rotational di-
conditions for each pair, while checking all possible sefgctionsy, ,w, andw. are constrained, we set the corresponding
of constraint conditions requireS(n™) computations. elements 0é to 0, which means that the links stop slipping or ro-
The problem is that, however, it might happen that th@ting if the tangential or rotational impulses were large enough.
most desirable solution is never tried in the course gfherefore, in contrast to contact, even if the links had tangential
the trial-and-error process. This failure could lead tgr angular velocities before a collision, we start by setting all
negative normal acceleration (or velocity in collisions}onstraints possible for the contact state shown in Table I.
of the contact coordinate, in which case, the links would The validity check is conducted agairBt: using the same
interpenetrate. It is difficult to prove that this situationmethod as described in Section V-E, although this is not an exact
never occurs in general cases. However, we have newgsdel. For example, a positive normal impulse only guarantees
observed unrealistic behaviors so far in a number @fat the integrated normal force during the collision phase is
simulations. Even if interpenetrations occur, they can kgsitive. We might have negative contact force during the col-
recovered by giving a nonzero valuentg, in (14). lision, in which case, the links would separate and the actual

* Varying Normal Vectors normal impact force become smaller than the computed one.

We cannot completely handle situations where thgowever, we ignore these special cases and execute the same
normal vectors of the contact surface are not uniform ipyjidity check as during contact.

the contact area, because the validity check is conducted

against the sum of the contact forces at all contact points VII. DYNAMICS FILTER IMPLEMENTATION

described in the contact coordinate. Summing up the . )

contact forces into a single set of forces and momerfts Basic Equation

eliminates the direction information of the original Equation (17) gives the unique solution for the joint acceler-
contact forces, which is essential for the validity checlitions and the constraint forces when the constraint condition
because the conditions are completely different for eaeimd the actuator torquas, are known, which is the case for
direction. A solution for this problem would be to sedynamics simulation. Our purpose in the dynamics filter, on the
multiple contact points for one contact pair, in whiclother hand, is to generate the motion itself based on some op-
case, we then encounter the problem of indetermindimization scheme while the actuator torques are initially un-
contact forces. known. Moreover, we need an equation with some redundancy
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to require only the current state and reference motion to enable
online filtering.

C. Details

1) Controller: First, the local feedback section computes the
temporary desired acceleration of the generalized coordinates

04 édGO by simple joint angle and velocity feedback
Optimizer -d0 —ref - ref : re
_'9' b =8 +Kp (8 —bc)+Kp (857 —0) (39)
G

integrator whered;/ is the generalized coordinates in reference motion,

andK p andK p are gain matrices.

ch Oc Then, in order to influence the configuration of the whole
body, the global feedback section modifies the desired accel-
eration to feedback the position and orientation of a specified
point P in the upper body. The desired acceleratiori’oécll;, is

for optimization. Taking these facts into account, we modifijomputed by a similar feedback law as

(17) for the dynamics filter as

Fig. 4. Structure of the dynamics filter.

#h = #5"+ Kpp (157 1) + Kpp (F5 = rp)  (40)

T T 0
A -H; -H; o | = —b (34) . N _ . .
H: O (0] —Hcb whererst is the position and orientation @t in the reference

_ _ Ts motion, which can be obtained by the forward kinematics com-
or in a simpler form putation,K pp andK pp are gain matrices, anep is the cur-
Wz —u (35) rent position and orientation @. The F%nporary desired z%%cel—
eration of the generalized coordinatgs is modified intod,
where . . ed .
T T so that the desired acceleration®f#+%, is realized by
a( A -—-H; -H_
W = H 0 0 (36) .d .- d0 —d
(& d ..d ..d0
22 (7o 37) Mg =T} (¥~ #7) (42)
T wdo A .. . A .
A b whererp = Jpb& + Jpbg, Jp = 0Jp/08g, andJ is the
u= (—Hc%)' (38) weighted pseudoinverse df».

) 2) Optimization: Solutions of (34) represent all the feasible
Equation (34) is a redundant linear equatiodn 7 7;)7, combinations o8, 7, andr;. The task of the optimization
whose solutions represents all the physically feasible motiopart is to find the optimal solution of (34) where the generalized
under the given set of constraints. The role of the dynamics filtaccelerations become as close as possible to the desired acceler-
is to select the most appropriate solution of (34), taking varioasions. The optimized accelerations are integrated to derive the
factors into account. As described in Section Vri in the joint angle data.
solution does not satisfy the unilateral conditions for the contactFirst, we derive the weighted least-square solution of (35) and
forces, we change the constraint condition and recompute a rtee null space oW, regardless of the desired acceleration, by

solution.
z=Wut (E-WW)y (43)

B. Outline 4
] o ) whereW" is the pseudoinverse &, y is an arbitrary vector,
Fig. 4 shows the structure of the dynamics filter and its typjng 2 is the identity matrix of the appropriate size. Taking the

ical application, where the shadowed box represents the mgither rows of (43) corresponding to the generalized accelera-
part of the dynamics filter. The filter we developed consists ¢f,ns we obtain

two parts, controller and optimizer. The controller part com-
putes the desired (but not always feasible) joint accelerations
considering the reference motion and the current state. This
part itself consists of two feedback sections, local and globgjheredy, is the generalized acceleration in the least-square so-
The local feedback section simply computes the temporary ggtion of (43).

sired accelerations by the local feedback controller at each jointNext, we determine the arbitrary vectgrto minimize the
which are modified by the global feedback section to maintagixceleration error by

the whole-body configuration. Given the desired joint acceler- a0
ations, the optimization part then computes the solution of (34) y=Vy (0G — 0G) (45)
that minimizes the error between the actual and desired joint ac-

celerations. Both the controller and optimizer parts are designetlereV¢, is the singularity-robust inverse [39] &.

éG = 02 + VGy (44)
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7
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Fig. 5. Reference motion for the 2-DOF arm.

t=0.0s t=0.5s t=1.0s

Fig. 6. Output of the dynamics filter for the 2-DOF arm example.

Fig. 7. Captured (above) and filtered (below) walking motions.

Finally, substitutingy into (43), we get the optimized solu-
tion of 2. Because includes the generalized acceleration, joini
torques, and constraint forces, the optimization part plays thr
roles at the same time: 1) computation of optimized motion; Z
computation of joint torques to realize the computed acceler.
tion; and 3) dynamics simulation of the result.

D. Applications

We used a 28-DOF skeleton model (7-DOF legs, 4-DOI
arms, a 3-DOF waist joint, and a 3-DOF neck joint) in the
following examples, except for the 2-DOF arm in the first
example. In all the examples, the physically consistent accele
ations were computed every 2 ms. The current implementatic
of the filter takes 70 to 80 ms per frame on an Alpha 21 26.
500 MHz processor for the 28-DOF model.

The additional control poinP was taken at the neck and its
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position and orientation were computed offline, although onlirfeg. 8. Numerical comparison of roll, pitch, and yaw angles of the body.
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Fig. 10. Walk on a down slope.

computation could be realized by an easy improvement of ti
implementation. In the examples with motion capture data, tt <
original data was taken 60 frames per second and interpolal ,/l\‘

-

to be used as the reference joint position, velocity, and accel-
ations.

Video clips of the motions are also available online a \
http://www.ynl.t.u-tokyo.ac.jp/publications/archives/video/. ‘

2-DOF Arm: We applied the dynamics filter to a simple ~ |
2-DOF underactuated arm to demonstrate the function
the dynamics filter. The root joint of the arm is free and tht
other joint is actuated. We selected this mechanism becat—
the dynamics filter is effective for underactuated mechanisms
whose motion may not be dynamically feasible with any choide® 1
of actuator inputs. We used the reference motion in Fig. 5 and
obtained the output shown in Fig. 6. The reference motion waglnteractive Motion Generation:Fig. 12 demonstrates the in-
physically inconsistent because of the free root joint, but it wagractivity of our approach, where the figure is controlled to keep
corrected by the dynamics filter by changing the trajectory §fanding by the dynamics filter and reacts to the force applied
the root joint. by the user.

Filtering Raw Motion Capture Data:Fig. 7 compares the
captured (above) and filtered (below) walking motions. The ro
pitch, and yaw angles of the body of the original and filtered The original and filtered walking motions showed good corre-
motions are compared in Fig. 8. spondence in the motions presented here, although we observed

This method is applicable to any motion as shown in Fig. 8mall latencies in some DOFs such as the roll angle of the body
which implies that we do not need to prepare different filters f@Fig. 8). It turned out that the actual accelerations of those DOFs
different motions. were much more different from the desired ones than the others,

Filtering into a Different Environment:We applied the same probably because they had to be modified by the optimizer to
walking motion as in the previous example to a down slope. Tlkkempensate for the physical consistency or the difference in the
result is shown in Fig. 10. No modification on captured data wasivironment. Their angles will not follow the original trajectory
made except for the position of the body and the neck, whicimtil the feedback terms in (39) become large enough. In fact,
was modified to maintain the same height from the ground astime width of the motion of the roll angle of the body is much
the original. larger in the filtered motion than in the original one.

Filtering Kinematically Synthesized Motiorithe dynamics  The examples in Figs. 10 and 11 showed the possibility of
filter accepts not only raw captured data but also kinematicakiypplying the dynamics filter to adapt motion capture data to the
synthesized motions. A walking motion with a°30rn was gen- environment different from the one where the motion was actu-
erated (Fig. 11) from the reference motion obtained by smoottdily performed, and to synthesize physically consistent motions
connecting two walking motions heading in different directiongrom a motion capture data library. In these examples, we could
The reference motion does not take into account any dynamgenerate valuable motions by quite simple kinematic modifica-
effect such as centrifugal forces. tions of the original walking motion. For more practical appli-

Motion generated from a kinematically combined reference motion.

fE- Discussion
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Fig. 12. Example of interactive motion generation: push a standing figure.

cations, however, careful kinematic preprocessing would be re-1) The concept of a dynamics filter is proposed. A dynamics

quired to adjust the feet placements and constraints. filter is a motion generator that creates a physically con-
The problem of the dynamics filter is that it is very difficult sistent motion from any reference motion that may be

to tune the parameters (feedback gains, weights for weighted physically infeasible for the model.

pseudoinverses) and we need to find a set of parameters for eac) A method for simulating collisions and contact was pre-

behavior. We will then encounter a problem in generating inter-  sented. The method is based on our previous work on

mediate motions just as in using task-specified controllers. The  structure-varying kinematic chains, which was extended

encouraging fact, however, is that it is rather easier to interpolate  to handle unilateral constraints by a fast trial-and-error

the parameters than to interpolate the controllers to getinterme-  procedure.

diate behaviors. 3) The implementation of an online dynamics filter was de-
Unfortunately, we could not find a systematic method for scribed and proved the potential ability of the dynamics

tuning the parameters. If the reference motion is physically con- filter in interactive motion generation by a number of mo-

sistent, larger gains would work because the figure only hasto  tions generated from motion capture data.

follow the reference motion as precisely as possible. Otherwise,
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