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Abstract— Our objective in this work is to synthesize dy- are seen as perturbations “absorbed” by the feedback motion
namically consistent motion for a simulated humanoid robotin  generation law.
acyclic multi-contact locomotion using multi-objective ontrol. The organization of the paper is as follows. After dis-

We take as an input a planned sequence of static postures - lated K (Secti I d iew of the
that represent the contact configuration transitions; a muti- cussing related work (Section 1) and an overvie

objective controller then synthesizes the motion betweerhese ~approach (Section lil), we get to the detailed technical
postures, the objectives of the controller being decided by  developments by first presenting the multi-objective con-

finite-state machine. Results of this approach are presentein  troller used for a single step motion (Section 1V) followed
the attached video in the form of playback motions generated |, e finjte-state machine used for multiple steps motion
through non-real-time constraint-based dynamic simulatons. (Section V). Finally we describe the results that appear in

| INTRODUCTION the attached video (Section VI).

In our previous work [1], [2] we presented an algorithm Il. RELATED WORK AND CONTRIBUTION
that plans a sequence of multi-contact stances with corre-The method we choose is inspired by recent trend in
sponding static postures that brings a humanoid robot frosomputer graphics community, synthesizing physics-based
an initial configuration to a desired stance/configurati®. motion of simulated characters [7], [8]. They formulate the
opposed to the walking pattern generation problem, thisiotion generation problem as the control problem of the
approach is aimed at generating non-gaited acyclic motidtuman character within simulation. Humanoid robotics [9],
with arbitrary contact configurations (using hands, fomesr [10] as well as virtual reality communities [11] recently
knees, etc.). The presented algorithm was the first of started using same/similar formulations in their appiaa.
two-stage contact-before-motion planning framework. The [7], [9] use motion-capture data to generate the motion,
second stage, which is the main concern of the present papgir objective being precisely to track these data with the
is to synthesize a continuous motion that goes through thlgmulated human character or humanoid robot. Our method
planned sequence of static postures. Previous approachese does not need such data as it relies only on the
of the problem [3], [4] used randomized motion planningnformation carried by the first stage of the contact-before
techniques (RRTs, PRMSs) to plan the continuous motiomotion planning framework that produces the sequence of
However, due to the geometric nature of such techniquestatic postures. This sequence of static postures plays the
which is not suited for the integration of dynamics motionsame role the motion-capture data does in the other works,
constraints in the planning, their motion was restrictetd¢o i.e. solving for redundancies and producing natural logkin
quasi-static, meaning that static equilibrium is respge@e motion. Therefore one of the main original features in our
every time of the motion. Adapting kinodynamic planningmethod is increased autonomy of the robot. [8] also does
or dynamic filtering techniques [5], [6] to the output motionnot rely on motion-capture data, but their applications are
of these works could have been one way to overcome thigstricted to human cyclic walking and a single upstanding
limitation. posture is sufficient to solve for the said redundancieslewhi
In this paper we investigate a different approach, that hage are targeting more general acyclic motions.
both its advantages and drawbacks over the previous one. OrMoreover, most of these works [7], [9], [11], [10] produce
the plus side it directly synthesizes dynamically consiste motion for the robot in a single stance, standing either
motion, for which the dynamics equation of motion ison one foot or two-feet stances, without changing their
satisfied throughout the motion. The main drawback of thisontact configuration. As in [8] our method adds a finite-
approach is that it does not allow for explicit formulatioh o state machine to perform motions that go through changing
collision-freeness constraint, which induces us to resmrt contact-configuration stances, but, once again as opposed
hand-designed heuristics in order to avoid collisions. Howto [8], in an acylic way.
ever though, the closed-loop nature of our approach makesNote, however, that although [7], [8] report computation
it robust to unavoided collision (contact) events that majimes that reach near real-time objectives using an LCP-
occur during the generation of the motion, as these catisio based simulator on the animated characters, we do not
focus in this work on optimizing the computation time
oo ST AR S sar an i@ D€ feaime since n our curent mplementaton some
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been generated, before safely executing it on the robot (cfhoose however to discard the producgdalong with the
Section VI). This is why our method here is presented as aomputed contact forceg, and to keep only the contral
off-line motion generation tool in simulation rather tham a that we feed to the simulator which will in turn output a more
on-line control one directly embedded in the real robot. accuratef andg to be integrated. This approach, the same as
Other approaches use different formulations to corthe one chosen in [7], [8], allows for a complete decoupling
trol/generate motion of humanoid robot in multi-contacbf the controller and the simulator blocks, the latter can
stances [12], [13]. The former uses a prioritized tasks hilater be replaced by any other one, more accurate or faster,
erarchy formulation but does not explicitly take into ac-depending on the targeted application. In particularaepb
count contact constraints, the latter approach is conadiptu the simulator by the real robot can be seen as particular case
different as it generates optimal motion through a semprovided that adequate sensors/estimators feed us bdck wit
infinite optimization formulation of B-spline parametrite ¢ andg (especially theSE(3) components of these vectors).
motion. While no time complexity analysis has been reported
for [12], the approach in [13] applied to humanoid robot IV. MULTI-OBJECTIVE CONTROLLER
requires for now computation times as high as a few hours The multi-objective controller minimizes a weighted sum
to generate a one-minute motion. of objectives subject to the following constraints:

I1l. OVERVIEW OF THE METHOD « satisfy the dynamics equation of motion,

Fig. 1 shows an overview of the proposed motion genera- * 282;2? :%?ngt:]esigzn:sgt(ﬁr? ér::rsls ed) friction cone
tion method. In this figure the multi-contact stances planne : actuation torques within their limits '
block [2] and the simulator block [14] are considered as o - ) '
black-box modules. Their implementation is not developpe§in® objectives are specified in terms tfsks (the term
in this paper, which focuses on the finite-state machine arfgaturesis alternatively used in the literature). A task is for
the multi-objective controller designs.denotes the simula- €*@mple driving the position of an end-effector, the center
tion time: ¢, ¢, andj denote respectively the configuration,Of mass qf the robot, the_ whole configuration of the robot,
configuration velocities, and configuration acceleratios ©tc- Conflicts between different tasks are solved through a
the humanoid robot, which include both the actuated joint¥€ighted formulation rather than strict prioritization.oké
and the rootSE(3) component of the robotf denotes the technlgal details of_ the optlmlgat|on problem formulatisn
aggregated vector of contact forces applied at finite contafound in the following subsections:
points between the robot and the environment; aigénotes
the actuator torques that control the simulated ropoand
q, are the start and goal configuration input by the user. The Let us suppose we have a humanoid robot maderefro-
motion parameters, also input by the user, include the stéyf€ joints and-+1 links indexed byk € {0,...,r}. On each

A. The Linear Constraints

time, step height, etc. and are further detailed in the finitdink & a set of contact forcegy 1, ..., fx,m, are applied at
state machine description section (Section V). the respective local-frame-expressed points, . . . , ax, m, -

Let ¢ = (w0,60,4) € R3T4" denote the configuration

motion parameters vector of the humanoid robot, whesg is the global-frame-

4s | 1 expressed position of the rodty a parametrization of its

orientation (a unit quaternion for instance), ahtthe internal
(actuated) joint angles vector. For edghJ,(p) denotes the
3 x (3 +4 + j) translational Jacobian of the link relative
set of objectives to the global frame with respect tp expressed at a local-

frame-expressed point
The motion of the humanoid robot is governed by the

multi-contact | sequence of | finite-state
dg | stances plannefstatic posturep machine

multi-objective }1 t following equation (see [15] from which we borrow the no-
— > tations for details on how we derive this equation, esphrcial
controller u simulator KL for the expressions af/ and N, g is the gravity vector):
g 03
M(q)§+N(g,4)d = M(q) [ Oa [+ | 00 |+ Jun(ar,)” fri s
0, u ki
Fig. 1. Overview of the motion generator @)

The motion is additionally subject to the following con-
At every time step of the simulation, the finite-stateStraints, denotinds; ; the Coulomb friction cone ay, ;,

machine decides on the objectives to feed to the controller, Vhyi Ju(ani)d=0 @)
which then uses a quadratic formulation that solves for ’ ! a ’
the configuration accelerations, the contact forces, ard th Vi fei€ Kes, (3)

control torques. Note that the produced configuration accel
erationsg could be directly integrated to updajeandg. We V) Ujmin < Uj < Ujmax - (4)



We linearise the friction coneKj,; by specify- The Set-point Objective:The corresponding objective
ing a finite set of global-frame-expressed generatofsinction component takes the form

{Vk,i1, -+, Uk,i,, + SO that each contact forgk ; is a non- 1 o
negative linear combination of the vectars Eopt,g(X) = 5 [IFp(gret = 9) = rog = 3lI° a3
Vk,i 1 1
— 2 XTOX 4+ Tx 4+ 2T
= M ki (5) X QX+ Xtocc
n= where
Vk, 1, )\kﬂlalt > 0. (6) B J;Jg Oaxp Oax~y . 7J;7T (I‘Jp(gref*g)*fiv‘]g(j*qu)
We denoter = (A )k R T A 0,
By time-differentiating the constraint (2) we get Oy )
Jer(ar,:) G+ jtk(ak,i) Gg=0. (7) - kp andk, are hand-tuned gain parameters, in our applica-

tions we systematically set, = 2, /%,.

Let us define the parameter vectdi = (4, A, u). For The Target Objectivelet ty denote the current time. Let

clarity we denote

g' be thei-th scalar component qf for i € {1,...,d}. For
a=dim(§) =3+4+r, y=dim(u) =7, (8) every suchg’ our objective is to reach the specified target
m_mp m (gj gj) attimet, > t,. The method proposed in [8] consists
B =dim(A) = Z Z Vki, (= ka- (9)  in'making ¢ follow a constant-jerk reference trajectory of
k=0 =1 k=0 the form
Furthermore, for a family of same-size matrices t— t—
(YL)LE{l .1}» we denote the block aggregation operators Gres(t) = ( - i t0> Gito + 1/)1 tos t € [to,t]
Y, (15)
_ whereg; ;, andy; ;, are coefficients determined by integrat-
Yl y=1 1|+ Mlep..n= (Yl YI) - ing (15) twice and writing the boundary values conditions
Y; ((tf—to)2/3 (tf—to)2/6) (m,m) [ gh—g—(ty—to) ¢
(10) (tr—to)/2 (ty—to)/2 Yitg ) i =g’ ‘
Finally, the equation of motion (1) and constraints (4), (6) (16)
(7) take the following linear form Finally, back to the target objective, the corresponding ob
A X =B, AyX<B,, (11) jective function component will take the form
d
where the matriced;,A4, and the vector®3;,B, are defined 1
D2 ! 203><W Etgt g( ) = 2 (grcf Z ¢z to T )
A — M(q) — [Tk (ar,) T vr,iu ki _(04><w> =1 =1
1= 1y x~ ) . 1 T 1
[Jer(ar,i)]w, O3¢xp 03¢ %~ = 5 QX t+tco X+ 2

g
B, = <N<q.,q>q+M<q>(gﬁ) ) | | an

L= dur (o)) s where, denoting®,, = (¢4, ),

Ogxa —1gxp Opx~y Og JrJ, 0 0 T( iy G
— _ g Yaxp Yax~y —J o, —J q
A2 - Oyxa Oyxp —lyxy ’ BQ - (7U‘mi“) . (12) Q - nga Ogxp 0px ,C = ¢ 0 ! . (18)
Oyxa Oyxp  lyxy UYmax 0 0 0 ] 05
yXa YyxpB Yyxy 0,

C. Putting it Altogether: The QP Formulation

We suppose now that we havé objectives indexed by
; \ k € {1,...,N}, denotedy,...,gn. These objectives can
. 3+4+r d ’ ’ ) 9
ng ttue %qnﬁgur_atm?tof t?(tahro?q;tl.(RE |_> Rf ' wh:rte kbe either set-point or target objectives, with correspogdi
IS the dimensionality ot the tas xampie of such tas ﬁ1atricesz@;C and vectorgy, as derived in the previous section.

include the global-frame expression of a particular pomltEach objectivey, is allocated a weight, that expresses its

:ﬁtach?d o t())nte of ?t)hethrobotsf Ilnksi( ?;) ltfhef %OM (E)f N relative importance when conflicting with other objectives
e entire robotd = 3), the configuration itself of the robo We then denote the weighted sums

(d =344+r), etc. Let.J, denote the Jacobian of the task,
i.e.the(3+4+r)xd matnxJ 4(q) = 0g/0q.
As proposed in [8] we will use two kinds of objectives Qsum = Zwk Qk;  Csum = Zwk Ck - (19)
for the taskg: B o
. aset-point objectivedenoteds, . ,, used if we wish to The Quadratic I_Drogram solved by t.he multi-objective con-
servo the taslg around an given reference valgg:, troller at every time step takes the final form
« atarget objective denot_edEtg_;ty.g., used if Welwish to min lXTqumX T Cme
steer the tasly from a given initial value(go, go) to a X 2 (20)
given target final valu€gs, g¢) in given timet;. subjectto 41 X =By, A2 X < By.

Let us now write the target function to optimize.

B. The Quadratic Objectives
We define aask(or feature as a scalar or vector function



V. FINITE-STATE MACHINE more carefully controlled since there is high probabiltgit

Let us us now start back from the output of the multithis link collides with the target environment contact soip
contact stances planner as portrayed in Fig. 1, which is 2Pi€ct; €-g. when climbing stairs then the swing foot might
sequence of, statically stable configurationgo, . . ., gn_1). colhde_ W|th_ the next stalr_. Wg mtrodt_Jce a smp_le heu_rlstlc
Each configuration, is associated with stancer;; a stance 0 avoid this, which consists in steering the swing pgint
being the set of contacts that the robot establishes with ti&ough a global-frame-expresseid-point 7, defined by
environment when put in that configuration. For exampl€P€cifying a step height and an intermediate tim#, <7
when the robot stands on two feet then the corresponkfOr €xample one might choosk, = 7'/2). So the motion
ing stance is a set containing two contacts (one for eadf p: starts fromP; ; at timet¢ = i T, goes through?; ,, at
foot). The sequence of stancésy,...,on_1) output by tmet =T +T,, and reaches’; , attimet = (i +1)T.
the planner are so-callesquentially adjacerie], i.e. they ~ L€t us denote the step length= |[P;, — Pi.|. To
satisfy the following condition: each staneg either adds define the via-point;,, we decompose the motion of the
one contact to the previous stanee_; or removes one SWING pointp; into a parallel componentn the direction
contact from this same previous stanee ;. Furthermore, ©Of the vectori = (P, — P;.,)/l, and anormal component
the sequence of configuratiolg, ..., q,_1) are so-called following the direction of the vector = @ x (€, x ) (such
transition configurationg2], meaning that: that ¥ is normal to« and in the plan defined by andé,;

« when a contact has been added then the correspond|E Sﬁlgthr?g vl:g-wizgtsisviirrtgl?l (ljjggn\é?jcég opposite to the
configurationg; has to be statically stable with non-9 Y)- P y
zero contact forces applied only at the contacts of the n€0,1]. (22)

A typical choice of the parameteris n = 1/2. See Fig. 2.

previous stance;_, the contact forces applied at the
Furthermore, we impose that the swing pojptreaches

newly added contact are zero,
« when a contact has been removed then the corrg. goal ., at time ¢ = (i + 1) T with zero velocity, and
that it reaches its via-poir®, , at time¢ =i 7 + T, with a

sponding configuratio; keeps all the contacts of the
zero¢-component (normal) velocity.

previous stance;_; but the contact forces at the newly
All these objectives are formulated twget objectives

Pi,v = H,g"‘”lﬁ—i_h‘ﬁa

removed contact are zero.

The motion fromy; to ¢;41 (fromo; to ;4.1) will be called ) _
stepnumberi. So the full motion will comprise: — 1 steps. B- Keeping Balance: Controlling the CoM
We define a user-input parametér which is the desired  The balance of the simulated robot is controlled through
step time. So step starts at timet = i7" and ends at time simple strategies, depending on whether we are adding or
t = (¢ + 1) T. The full duration of the motion i$n — 1) 7. removing a contact. If step adds a contact from then,
When step: adds a contact then the link of the addedollowing the transition configurationgondition, the whole
contact (the “swing” link, generalizing the terminology ofmotion has to be performed by staying balanced on the initial
swing foot in legged locomotion) will be denotegdand one stances;, so the objective for the CoM in this case iset-
arbitrarily chosen point attached to this link and beloggin point objectivethat regulates its position around its position

to the contact surface is denotegq. The global-frame-
expressed position gf; at configuratiory; (start position) is
denotedP; ; and the global-frame-expressed positionppf

at the start configuratios;. If steps removes a contact, then
the robot has to “transfer its weight” from stanggto stance
oi+1 intime T'. For this purpose target objectivas defined

at configurationy;+; (goal position) is denoted ,. for the CoM to reach at timé + 1) T' its position computed

- . ) ) . at the goal configuration;.1, with zero velocity.
A. Obstacle Collision Avoidance: Controlling the Swingh.in

When stepi is removing a contact we implicitly make the C. Solving the Redundancy: Controlling the Configuration

assumption that the motion fromto ¢; 1 (performed inside ~ The remaining redundancies are solved by controlling the
the sub-manifold of the configuration space corresponding ¥vhole configuration of the robot, with once again different
the stancer;) is collision-free. When step adds a contact Strategies when adding or removing a contact. When adding a

however, then the motion of the swing link has to be contact at step, the posture is controlled through a set-point
objective with the reference posture being sef.at= ¢; for

the time intervat € [« T,i T+ 1T,] and set aty.s = g;+1 for

the time intervat € [ T+T,, (i+1) T'] with low stiffnessk,.
When removing a contact then the reference configuration
for the low-stiffness set-point objective is setels = ¢;+1
during the whole step time intervale [i T, (i + 1) T).

D. Putting it Altogether: the FSM

As a summary of this section, Fig. 3 shows a graphical
representation of the FSM. Details of the objectives aradou
in the previous subsections. The initial configuration & th
robot at timet = 0 is ¢ = ¢o = ¢s with ¢ = 0.

Fig. 2. Controlling the poinp; of the swing links;



The video starts by showing elementary motions (single
steps) produced by the multi-objective controller with fixe
objectives. Then the five above-mentioned motions gengrate

by coupling the multi-objective controller with the finigate
a.c.: adding contact

at stepi é) i=n—1 machine are sequentially played. Each of the five motions

r.c.: removing contac starts by first showing the output of the multi-contact séanc
atstepi ‘ planner used as input for that motion, i.e. the finite segeenc
i<n—1 of static posturesqo, ..., qn_1).

ii=1i+ 1 @ B. Discussion and Limitations

(i+1) /\ The motions displayed on this video have not been
/ generated in real time. We used a time steplofis for
(i+1 the simulator, but each iteration of the motion generator
cycle took approximately30 ms to compute on ou GHz
t<zT+T/ ‘\\‘TJFT” st< (2+1) [ Pentium IV system. However, real-time on-line control is
/ <@+1T not, at this stage, the main preoccupation of our work,
8 so no particular effort has been devoted to reducing this
computation time in our prototype implementation. Stil, a
a motion generation tool, the method is much faster than
global motion optimization techniques [13].
Another limitation that currently prevents our method from

set of objectives being used as such as a control tool for the real robot is the
l l absence of self-collision checking in the simulation (walk
[ J

scenario), and joint limits constraints (single stair su@).
A basic strategy to reduce self-collision occurrences and
to stay within joint limits that we implemented is the
introduction of repulsive torques that are activated when a
—— configuration task . o joint comes too close to its limit, but this does not absdjute
—— CoM task SEt'pO'nt.ObJ.ecwe guarantee that the limits are not reached.

o —> target objective . . . . .
—— swing link task An interesting feature that appears in these motions is
the robustness to collisions with the environment and to
uncertainty with regard to contact locations. In particula
Fig. 3. The fir&ite-statelen;a(ttiﬁieﬂi u(rr:]%t:rscﬁlf;tlzlgshg\%ornmme;ﬁe? we can see that when climbing the stairs, the swing foot
::1% rtergr??s?t(ieonrﬁ azsa(r:rlg\:/vs between states. Labels nextrisiticas are tﬁe can slightly collide W'_th the stair bu.t the robot .does I’IO'EIOS.
conditions for the transitions to be triggered. Transiiavithout labels are  balance. Also, even if the contact is not precisely put at its
automatically triggered (condition always true). Labeéstrto states, when planned position this does not prevent the motion from being
present, are actions performed when the machine reachesiaios. successfully carried out on the stance including that ainta
These remarks are encouraging in the perspective of later
using the method for the control of the real robot.

There were cases however in which the collision of the
The video attached to this paper shows some exampi@ing link with the environment led to an impact from which
applications of the proposed approach. These examplea arehe robot could not recover and ended up falling down. A
basic walk motion, a single stair climbing motion, a mukipl posteriori tuning of the CoM objectives weights and gains

stairs climbing motion, a sitting motion, a one-step walk-0 sometimes enabled to regenerate a stable motion.
hands motion. See Fig. 4 for snapshots of this video. “Falling down” is what happens when the constraints of
the QP (19) cannot be satisfied. This means that the robot
reached a statfy, ¢) outside of theviability kernel[19]. If

The humanoid robot model used is HRP-2 [16] withwe had used a prioritization approach, this would have led to
some modifications in terms of torque limits and arm linkeither a dynamically feasible motion that breaks the cdstac
for the walk-on-hand motion, though our implementatioror a non-dynamically-consistent motion that maintains the
is transparent to the particular robot model. The simulatarontacts, both cases resulting in an ill-posed QP fornanati
used is described in [14] and the multi-contact static stancin the subsequent simulation step. This is why we did not see
planner in [2]. Collision detection between the robot arel ththe necessity to use prioritized formulation, and the mmotio
environment is performed using the PQP proximity queriegeneration fails (“crashes”) in case the robot reaches auch
package [17], and the QP solver used for multi-objectivaon-viable state. Recovery strategies from these situstio
control is the QL convex quadratic programming solver [18]should be further investigated. Note however that falling
Table | gives the parameters used for these motions. down can also occur while all the constraints are satisfied,

VI. PLAYBACK SIMULATION RESULTS

A. Experimental Framework



(a) basic walk

(b) single stair climbing

(c) multiple stairs climbing

(d) sitting (e) one step on hands

Fig. 4. Snapshots from the attached video

TABLE |

MOTION GENERATION PARAMETERS

| [| walk | single stair | multiple stairs|  sitting [ hands || [| all scenarios|
number of steps 10 6 8 3 2 Weonfig 10T
step duratiorl” 0.8s 1.5s 4s 4s 4s WCoM 10%
step heighth lcm | 30cm/10cm 55cm/30 cm 10cmOcm | 10cm Welink 103
parameterT, 0.4s 0.75s 2s 2s 2s Fp config 10T
parametem 0.5 Kp,CoM 103

since the CoM control strategy does not strictly quantify th [4]
"stability keeping” notion that is not well defined outside a

ZMP-applicable framework (e.g. [19] for a discussion). [5]

VII. CONCLUSION AND FUTURE WORK

We investigated a method inspired from computer graphic£!
animation to generate simulated humanoid robot motion.
This method allows the robot to benefit from full autonomy [7]
from the multi-contact planning stage to the motion gener-
ation stage, and thus the two stages of the contact-beforgg,
motion framework are achieved.

A number of issues have to be addressed to convert thi@l
motion generation tool into an on-line control tool. Most
important is reaching real-time performance. Collisionidv
ance constraints might be included in the QP formulation bk}°!
using repulsive potential field approaches.

We are also studying extendibility to problems such agi]
object manipulation and multiple robot collaboration, as o 12
generic multi-contact stances planner can handle these.

Another possible improvement worth investigating is to
add to the framework a reduced-model planning phase thag!
would produce more dynamic motions.

Solving these issues would make us a step closer to th]
longer-term pursued objective of real-time full autononfy o
humanoid robots.

—
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