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Abstra
t: This report is the result of a joint re�e
tion 
arried out by resear
hers fromautomati
 
ontrol and neuros
ien
e �elds, both trying to answer a same question: what arethe fun
tional basis of bipedal lo
omotion and how to 
ontrol them?The originality of this work is to put in parallel two synthesis of how the problem of bipeddispla
ements is solved in roboti
s in one hand and in nature in the other hand. We believethat the key elements explaining the performan
es in adaptability and rea
tivity of human
ould help roboti
ians to �nd some issues for the design of automati
 
ontrol s
hemes.Similarly, the theoreti
al framework of biped roboti
s 
ould help neuros
ientists to formulate
on
epts and models.Key-words: postural 
ontrol, biped robots, equilibrium, walking
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Synthèse de la lo
omotion bipède 
hez l'homme et lesrobotsRésumé : Ce rapport est le résultat d'une ré�exion 
ommune qui a été menée par des
her
heurs en automatique et en neuros
ien
es 
her
hant à répondre à une même question :quelles sont les bases fon
tionnelles de la lo
omotion bipède et 
omment les 
ontr�ler ?L'originalité de 
e travail est de mettre en parallèle deux synthèses sur la façon dont leproblème du dépla
ement bipède est résolu en robotique d'une part et dans la nature d'autrepart. Nous pensons que les éléments 
lés 
onduisant à des performan
es d'adaptabilité etde réa
tivité 
hez l'humain pourraient aider les roboti
iens à trouver des voies de solutionpour la 
on
eption de s
hémas de 
ommande. De la même manière, le 
adre théorique de larobotique bipède pourrait aider les neuros
ientistes à formuler des 
on
epts et modèles.Mots-
lés : 
ontr�le postural, robots bipèdes, équilibre, mar
he
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4 C. Azevedo, B. Amblard, C. Espiau, C. Assaiante

Figure 1: BIP (INRIA and LMS) skeleton [75℄1 Introdu
tionThis report addresses the problem of 
ontrolling 2-legged systems that 
an be natural orarti�
ial, therefore 
on
erning both neuros
ientists and roboti
ians who are working on asimilar question with di�erent approa
hes: analyzing 
ontrol modes of bipedal standing andwalking.Resear
hes on the 
ontrol me
hanisms of human displa
ements are still going on and manyhypotheses remain a matter of great 
ontroversy between neuros
ientists. On the otherhand, resear
hers in the �eld of roboti
s are building bipedal ma
hines, trying to a
hievethe great feat managed by slow evolution of human spe
ie. Neuros
ien
e and roboti
s, re-spe
tively 
on
erned with living beings or with arti�
ial stru
tures, are both oriented to theunderstanding of bipedal lo
omotion. Nevertheless poor interse
tion exist between thesetwo �elds of investigation.This paper pla
es in parallel the results eli
ited in roboti
s and in neuros
ien
e 
on
erningthe 
ontrol of equilibrium and walking. We will also try to de�ne borders for the analogybetween arti�
ial and natural systems. We believe that a better understanding of humanmotor 
ontrol 
an help to develop new issues to explore in order to enhan
e robot 
ontroller
apa
ities. We also believe that the theoreti
al framework and tools 
on
erning robot walk-ing 
an �nd out an appli
ation in the analysis of human walking.The paper is divided into two parts: �rst se
tion is an overview of the basi
s 
on
eptsexisting in bipedal roboti
s and the se
ond se
tion is a fun
tional des
ription of how humanstands and walks.
INRIA



A Synthesis of Bipedal Lo
omotion in Human and Robots 52 Basi
 
on
epts in bipedal roboti
s2.1 Biped systemsBiped robots like other legged (or walking) ma
hines are a parti
ular 
lass of mobile systems.Legged robots raise design and 
ontrol problems whi
h di�er from other mobile ma
hines, likewheeled or tra
ked ones. The appli
ations they are aimed at are also parti
ular. Legs are welladapted to move in 
luttered up environments where they 
an over
ome obsta
les. Leggedlo
omotion allows a minimal and sele
tive invasion of the ground by pla
ing the feet in suit-able positions in order to preserve the environment (
ultivated land, �eld...). This shouldgive rise to outdoor appli
ations as various as agri
ulture and �eld roboti
s, mine 
learan
e,exploration, forest exploitation. When 
onsidering stru
tured environments, legged systems,and parti
ularly biped ones, look well-suited for 
limbing stairs, walking through 
orridorsor moving and a
ting in rooms designed for human o

upan
y.Now, a frequently asked question is: why building biped robots? In fa
t, di�erent ap-pli
ations 
an be envisioned when developing a biped robot and then guide the design ofthe prototypes. Their anthropomorphi
 size is well adapted to servi
e and assistan
etasks to help human in his private and/or working a
tivities [29℄. Due to their likeableand reassuring aspe
t, these robots have also appli
ation in entertainment, toy industryand advertising [103℄. Japanese 
ompanies like Honda Motor Co (ASIMO), Sony (QRIO)[14, 175℄ or KAWADA (HRP2) have taken a large te
hnologi
al advan
e in the goal of 
re-ating ma
hines 
apable of entering home and assisting people. They emphasize in so-
alled�human friendly design� in order to gain a

eptan
e by the publi
. In that sense legs are notonly a te
hnology of motion but also a way to 
harm human users [125℄. Some resear
h teamsare working on biped robot to gain hints in biome
hani
s and rehabilitation te
hniquessu
h as orthoses, prostheses and exoskeleton design and 
ontrol or fun
tional ele
trostimu-lation (FES) [74℄ but also in understanding me
hanisms of motor 
ontrol [198℄. This leadsto the 
onstru
tion of anthropomorphi
 systems allowing analogies and 
omparisons withhuman, like BIP (INRIA and LMS, Fran
e), WABIAN (Waseda University, Japan), Johnnie(TUM, Germany) [28, 203, 115℄ and others. Nevertheless, anthropomorphism is not theonly issue: some bipeds are also designed on di�erent models: dinosaur like [197℄, bird-like[181, 192℄...Biped robot skeleton is 
lassi
ally made of aluminium [115℄, but not always: polymers
an also be used, end even wood [190℄. The segments are inter
onne
ted by means of jointswhi
h are generally a
tive. The 
omplexity of the prototypes 
an vary from very low to highnumber of degrees of freedom [144, 175℄. Generally the systems are 
omposed of two legs, atrunk, two arms and one head. Legs are 
lassi
ally 
omposed of six a
tuated joints (�g.1):three for the hip, one for the knee and two for the ankle. Ex
ept in a few re
ent prototypes,the torso is usually one single rigid part. Few robots have joints pla
ed between torso andlegs for them to be independent [28, 203, 115℄. The majority of robots are operated throughele
tri
 motors whi
h are easy to 
ontrol. The major problem is to 
onvert the rotational
RR n° 5450



6 C. Azevedo, B. Amblard, C. Espiau, C. Assaiante
Figure 2: Some joints of the BIP robot (INRIA and LMS)output to a linear one and this is a
hieved by means of dedi
ated me
hani
al transmitters(�g.2). There also exist systems using substitutes for the human a
tuators, like arti�
ialmus
les whi
h are 
ontra
tile devi
es mimi
king natural mus
les in terms of strength toweight ratio and response speed, inherently 
ompliant, but with signi�
ant nonlinearities intheir behavior [190, 87℄.The main 
hara
teristi
 of walking robots is that they do not have a �xed base. In bipedalwalking, phases of single support and double support alternate, 
orresponding toopened and 
losed 
on�gurations of the kinemati
 
hain 
omposed by the robot skeleton.Therefore the number of degrees of freedom varies from one phase to another. Sin
e thenumber of a
tive joints remains 
onstant, a same system 
an be undera
tuated or overa
tu-ated depending on the ground 
onta
ts. In running, there exists phases where no point atall of the robot is in 
onta
t with the ground.Here, we may point out a major di�eren
e between robots and humans: humans 
an walkand run. Today, robots are designed and optimized for either walking or running, but fewarti�
ial system are able to perform both tasks, ex
ept a few spe
i�
 prototypes [14, 175℄ orin very spe
ial 
onditions, like in [176℄ where the robot is 
onstrained in the sagittal plane.Sensors are of high importan
e for the 
ontrol of robots. They should give proprio
eptiveinformation to the 
ontroller: en
oders to measure joint angles, gyrometers, a

elerometersor in
linometers to measure the absolute position of the system in the spa
e. Extero
eptivesensors are also required to allow the robot to evolute in an unknown environment: vision
ameras, a
ousti
, infrared sensors. For
e sensors should provide a fairly good indi
ationof, basi
ally, the o

urren
e of a 
onta
t with the ground, and, more, of the value of theasso
iated wren
h.The ultimate robot should be self energi
ally autonomous. It is far to be the 
ase, most of thesystems having energy supplied from wires. Some of them 
arry batteries, like the Japanesehumanoid HRP-2 from KAWADA, able to walk more than one hour. HONDA's ASIMOexhibits 
omparable results The progress is important when re
alling that the HONDAprevious prototype P2 needed 20 kg of batteries to walk for 15 minutes [103℄.

INRIA



A Synthesis of Bipedal Lo
omotion in Human and Robots 72.2 Dynami
sWhen walking, a biped intera
ts with the ground, therefore lo
omotion results in asequen
e of 
ontinuous and dis
ontinuous phases, where the impa
ts are dis
reteevents triggering the displa
ement [106℄. Therefore biped ma
hines are hybrid nonlinearsystems.2.2.1 Continuous dynami
sUnder the assumption that the robot stru
ture is rigid, 
ontinuous dynami
s 
an be ex-pressed under the Lagrangian form:
M(q)q̈ + N(q, q̇)q̇ + G(q) = Γ + Γext (1)where: q ∈ IRn stands for the parametrization ve
tor of the whole 
on�guration spa
e of therobot 
onsidered as free in the 3D spa
e1; Γ = [0, τ ]T ∈ IRn is the generalized e�ort ve
torin
luding joint a
tuation torque (generally bounded), τ ∈ IRm; M is the inertia matrix; Nis the 
entrifugal, gyros
opi
 and Coriolis e�e
ts; G is the generalized gravity for
e ve
tor.Note that the set (q, q̇) 
onstitutes the state of the robot, in the sense of the theory ofdynami
 systems. Γext are the torques generated by external for
es like ground 
onta
ts, athrust... They 
an be expressed as:

Γext = C(q)T λ(q, q̇)

C(q) is the Ja
obian matrix of the points of the robot on whi
h the external for
es areapplied and λ(q, q̇) 
orresponds to the amplitudes of these for
es.If φ(q) are the 
oordinates of the points submitted to external e�orts, then:
C(q) =

∂φ(q)T

∂qBiped dynami
s is 
hara
terized by the existen
e of variable 
onstraints resulting from theintera
tion with the ground. Ground e�orts 
orrespond to a set of for
es applied on ea
hpoint of the robot in 
onta
t with the ground.
Γext = Cn(q)T λn(q, q̇) + Ct(q)

T λt(q, q̇)Subs
ripts n and t stand for normal and tangential to the ground 
omponents respe
tively.Lagrange multipliers λn and λt express the amplitudes of the e�ort 
omponents.A 
ommon way of modeling those spe
i�
 external for
es is to 
onsider the robot as a 
hainof rigid bodies in tree form in rigid intera
tion with the ground through unilateral links and1In the whole do
ument, ẋ and ẍ stand respe
tively for the �rst and se
ond order time derivatives of thevariable x.
RR n° 5450



8 C. Azevedo, B. Amblard, C. Espiau, C. Assaiantefri
tion. The points of the robot in 
onta
t with the ground verify a 
losure equation of theform:
φ(q) =

(

φn(q)
φt(q)

)

= 0 (2)The assumption of non penetration results in unilateral 
onstraints whi
h imply semi-positivenormal for
es and a

elerations of the 
onta
t points whi
h are related by a 
omplementarity
ondition: [169, 212℄:
λT

n (q, q̇)φ̈n(q) = 0, λn(q, q̇) ≥ 0, φ̈n(q) ≥ 0Ex
luding the 
ase where the system is slipping, tangential 
onstraints 
an be written as:
φ̈t(q) = 0Finally, sin
e the existen
e of fri
tion indu
es bounds on the tangential for
es, a non-slipping
ondition is satis�ed as long as:

‖λt‖ ≤ µ0λnwhere: µ0 is the fri
tion 
oe�
ient depending on the materials in 
onta
t.2.2.2 Impa
tsWhen one point of the system enters in 
onta
t with the ground, an impa
t o

urs indu
inga velo
ity deviation. The velo
ity of the system before impa
t: q̇− takes a new value: q̇+

M(q)(q̇+ − q̇−) = Cn(q)T Λn(q, q̇) + Ct(q)
T Λt(q, q̇) (3)where: Λ(q, q̇) = [Λn(q, q̇),Λt(q, q̇)]

T is the ve
tor of the amplitudes of the impulsion for
es.Under the assumption that 
onta
t points do no slip neither take o� after impa
t we 
anwrite:
φ̇n(q) = Cn(q)q̇+ = 0 and φ̇t(q) = Ct(q)q̇

+ = 0Note: The dynami
s (
ontinuous and impa
ts) 
an also be expressed in terms of an equiva-lent Quadrati
 Programming problem [212℄.2.3 Stability and equilibriumStability and equilibrium are key 
on
epts in biped systems, sin
e they are 
losely related tothe risk of falling. The stability 
on
ept is well understood and ni
ely formalized for many
lasses of dynami
s systems, even nonlinear, as explained in any textbook of automati

ontrol. However, these approa
hes 
annot be applied in a straightforward way to bipeds,mainly be
ause of the parti
ular nature of 
onta
t 
onstraints. Furthermore, the steady statewalking pro
ess in itself 
an be seen as �stable� even though some usual stability 
riteria areINRIA



A Synthesis of Bipedal Lo
omotion in Human and Robots 9not ful�lled. It is therefore ne
essary to go beyond an only intuitive understanding of these
on
epts and to try to exhibit more formal issues. In that way we will split the presentationin two parts: stati
s and dynami
s, whi
h will both largely rely on P.B. Wieber's work[212, 210℄.2.3.1 Stati
 equilibrium and postureLet us 
ome ba
k to the dynami
s presented in se
tion 2.2.1. The parametrization q, whi
hrepresents the robot 
on�guration is in fa
t the 
on
atenation of two elements, q1 and q2.The ve
tor q1 is the parametrization of the position and the orientation of a given robot bodyin the 6-dimension displa
ement manifold, it is expressed with respe
t to a �xed galileanframe, for example ground-related; q2 represents the internal 
on�guration of the biped,whi
h 
an be seen as its posture. Usually, it is the set of the joint 
oordinates, for examplein the 
ase where the robot is a tree-form open kinemati
 
hain. When lo
al 
losed 
hains(i.e. whi
h are expressed by 
losure algebrai
 equations representing the asso
iated bilateralhomonomous 
onstraints) exist, q2 is the set of the mobilities of the system, the way ofparameterizing them being then di�erent from one 
ase to another.In a way analogous to the splitting of the 
on�guration, it 
an be shown that the dynami
s(1) 
an be rewritten as:
{

M1(q)q̈ + N1(q, q̇)q̇ = 0 + C1(q)
T λ − G1(q)

M2(q)q̈ + N2(q, q̇)q̇ = τ + C2(q)
T λ − G2(q)

(4)where we re
all that τ is the set of a
tuator torques, all joints being assumed here to bea
tuated.It 
an be shown that the left-hand side of the �rst line of eq.(4) is equivalent to the dynami
wren
h of the system, while the right-hand one is equivalent to the wren
h of 
onta
t andgravity for
es. This equation is of the Newton-Euler form, the Newton part being to be ex-pressed easily in terms on the a

eleration of the Center of Mass (CoM) of the robot. Thisshows a fundamental issue: the global displa
ement and orientation of the robot
an only be realized owing to 
onta
t for
es. Furthermore, this motion is ne
essarilyasso
iated with a 
hange of the posture. All these fa
ts are obvious in zero-G 
ondition.Let us now explain the 
on
ept of stati
 equilibrium. A 
on�guration qeq 
orrespondsto a stati
 equilibrium of the system if: ˙qeq = ¨qeq = 0; i.e. the left-hand sides of (4) vanish.If su
h a 
on�guration exists, it is su
h that, at this point, the set of 
onta
t for
es and jointa
tuator torques 
ompensate for the gravity e�e
t. Of 
ourse, su
h a set doesn't always ex-ist. When the 
onta
t points are all in a same horizontal plane, only normal 
onta
t for
eshave to be 
onsidered. Coming then ba
k to the stati
 wren
h allows easily to show that thestati
 equilibrium 
ondition redu
es to the 
lassi
al one: the proje
tion of the robot's 
enterof mass belongs to the 
onvex hull of 
onta
t points: xCoM ∈ D. In other 
ases, tangentialfor
es have to be taken into a

ount.
RR n° 5450



10 C. Azevedo, B. Amblard, C. Espiau, C. AssaianteLet us now introdu
e a time variation of qeq. Then the previous equilibrium 
onditionbe
omes:
xCoM (t) ∈ D(t) ∀t ∈ [0, T ] (5)where T is the 
onsidered temporal horizon. Among these time-varying traje
tories, some
hara
terize the so-
alled stati
 walking, a �rst de�nition of whi
h is now possible:A stati
 walk is a walk (i.e. a 
ontinuous sequen
e of 
on�gurations ensuring the forwardprogression and maintaining the ere
ted position of the system simultaneously) su
h that atea
h instant the stati
 equilibrium 
ondition (5) is satis�ed .Obviously, the traje
tory of xCoM (t) should be 
ontinuous2. This requires that ∫ T

0
D(t)dtis 
onnex, whi
h implies that, ne
essarily, a stati
 walk in
ludes double support phases.A last point to be addressed in this se
tion devoted to stati
 equilibrium is the one ofpostural 
ontrol. This expression is largely used in biome
hani
s and neuros
ien
e do-mains, and deserves here to be formalized. Re
alling that posture is no more than theinternal 
on�guration, it is 
lear that any kind of 
ontrol is �postural� in some sense, sin
ethe asso
iated subset of parameters, q2, is involved in all 
ases! However, in order to be
oherent with the 
ommon, although sometimes intuitive, understanding of this 
on
ept, wemay try to give a spe
i�
 de�nition of postural 
ontrol in roboti
s.Let us 
onsider the 
ase where, despite the fa
t that the equilibrium 
on�guration qeq istime-varying, we have D(t) = D(0) ∀t ∈ [0, T ]. The set of 
onta
t points is therefore�xed. Assuming that all fore
oming motions will not a�e
t the 
onta
t for
es in su
h away that this set be modi�ed, the posture may therefore evolve in the time while ensuringthat eq.(5) is satis�ed with D 
onstant. However, for this kind of behavior to be allowed,it is ne
essary to be sure that the submanifold in whi
h q 
an live is not zero dimensional.This point is linked to the 
on
ept of task redundan
y [37℄. Brie�y, the basis is to de-�ne some �priority� tasks under the form of algebrai
 equations, whi
h have to be a
hievedwhatever the posture. Clearly, a �rst one is needed to satisfy 
onstraint eq.(5), for example:

xCoM (q(t))−xCoM (q(0)) = 0, whi
h is 2-dimensional. Other ones depend on the appli
ation:keeping 
onstant the height of the CoM, maintaining the head or/and the arms motionless,et
... In any 
ase, these other tasks should be all gathered under the form f(q(t)) = 0,assumed to be m-dimensional.Finally, a postural modi�
ation, under the 
onstraint of a
hieving the priority tasks, is in-tuitively possible if 2 + m < n − 6. This desired modi�
ation, whi
h may be for examplea traje
tory spe
i�ed in an appropriate spa
e, has the status of a se
ondary task. If thedimension of the desired modi�
ation is exa
tly n − 6 − (m + 2), and if all the tasks are
ompatible and independent, they 
an be theoreti
ally perfe
tly a
hieved. If the dimensionof the se
ondary task is greater, then it 
an be expressed as the gradient of a fun
tion tobe minimized, whi
h is proje
ted on the priority task in
luding 
onstraint eq.(5) [155℄. Inthat 
ase, the se
ondary tasks 
an only be 
ompleted approximately. The so-
alled postural
ontrol 
an therefore be �nally de�ned as a 
ontrol s
heme whi
h is aimed at ensuring thephysi
al realization of all these tasks.2but non ne
essarily twi
e-di�erentiable everywhere, be
ause of impa
ts. INRIA



A Synthesis of Bipedal Lo
omotion in Human and Robots 112.3.2 Dynami
 equilibrium and stabilityThe 
on
ept of dynami
al equilibrium is a little more di�
ult to approa
h formally. We
an for example say that a system represented by a nonlinear di�erential equation is indynami
al equilibrium if, starting from given initial 
onditions, it stays on a 
losed 
urve inthe phase spa
e, i.e. a 
lose orbit. We will 
ome ba
k later to this point. In the 
ase of bipedrobot, the dynami
al equilibrium 
an be intuitively linked to the idea of a possible movement.In fa
t, the system 
an a
hieve a desired movement if and only if the total wren
h of gravityand 
onta
t for
es is equal to the dynami
 wren
h of the robot.In the 
ase where all 
onta
t points are in the same plane, it 
an be shown that there exists apoint in this plane around whi
h the horizontal rotation momentum of gravity and dynami
for
es vanishes. This point is known as Zero Moment Point (ZMP-[202℄), but it is also nomore than the Center of Pressure (CoP). When a

elerations and velo
ities are equal tozero, this point is simply the proje
tion of the Center of Mass (CoM) evoked in the previousse
tion.However, this point 
an't be used to 
hara
terize the dynami
al equilibrium as the possibilityof a
hieving a motion whi
h maintains the CoP inside the 
onvex hull of 
onta
t points, assoon as these 
onta
t points are not in the same horizontal plane. Spe
i�
 derivations arethen needed. Moreover, tangential (sliding) for
es are not taken into a

ount in a ZMP-based approa
h. A right and generi
 way of stating the walking stability is expressed in[212℄ under the form: a ne
essary 
ondition for a walking system to realize a motion spe
i�edby a traje
tory q(t) on a given time interval is that there exists 
onta
t for
es λ(t) su
h that
{

M1(q)q̈ + N1(q, q̇)q̇ + G1(q) = C1(q)
T λ

A(λ) ≥ 0
(6)where the ve
tor inequality A(λ) ≥ 0 denotes all 
onstraints on normal (unilaterality) andtangential (Coulomb fri
tion) for
es.Finally, the motion 
an de�nitively be a
hieved if the a
tuation for
es are able to meet thedynami
al requirements of the se
ond equation of eq.(4).Let us now 
ome to the idea of stability. Equilibrium and stability are obviously inde-pendent 
on
epts, sin
e an equilibrium 
an be stable (a simple pendulum submitted tovis
ous fri
tion and gravity at rest) as well as unstable (the same pendulum, but inverted).Roughly, an equilibrium 
an be said as stable3 if, when we 
onstrain the system to leave thisequilibrium, it 
omes ba
k to the equilibrium if we relax the 
onstraint. For stati
 equilib-rium, that means that a (small) disturban
e is absorbed by the biped, whi
h will later movein su
h a way that the proje
tion of the CoM 
omes ba
k to its previous position. This 
anbe done for a small part by some internal vis
oelasti
ities, but mainly using an adequate
ontrol s
heme, for example a 
lassi
al PD joint 
ontrol. Nevertheless, these issues are notsu�
ient to 
hara
terize the stability of a biped: let us 
onsider again the robot standingat a stationary position, i.e. having his joint variables regulated at a given value satisfying3asymptoti
ally stable in fa
t...
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12 C. Azevedo, B. Amblard, C. Espiau, C. Assaiante
onstraint (5). As said previously, if we slightly disturb this equilibrium, the robot 
an bedriven ba
k to its goal position, but if the disturban
e is large enough, this is not su�
ientand the robot will avoid to fall only by stepping forward, i.e., by 
hanging his referen
etraje
tory (leading to a new 
onta
t point 
on�guration).This illustrates the fa
t that the stability of walking systems has to be understood in a sensedi�erent from 
lassi
al dynami
al systems, the main issue being to avoid falling (i.e. rea
h-ing a position where other points that the feet are in 
onta
t with the ground). Extendingthe idea of redundan
y in postural 
ontrol, we 
an say that the priority task for a robotis to maintain its equilibrium in the sense of avoiding to fall, all the other obje
tives(desired velo
ity, dire
tion of motion, type of the gait, obje
t grasping, et
...) being to beaddressed only when the �rst one is ensured. The di�
ulty now is to relate this intuitivenotion to adequate formal aspe
ts. Only a few attempts to derive a general approa
h ofthis question 
an be found in the literature. The deeper existing analysis seems to be theWieber's one [210℄, to whi
h we refer the reader for all te
hni
al aspe
ts. Let us just give aglimpse of the proposed analysis, whi
h takes its origin in the Aubin's viability theory [18℄.Basi
ally, if we denote as F the set of values of q where the system is 
onsidered as havingfallen, we 
an say that a state (q, q̇) is viable if and only if the system is able to realizefrom this state a movement q(t) whi
h never rea
hes F. The union of all possible viablestates is the viability kernel, inside whi
h the robot is required to stay. An indi
ation of thee�e
tive stability 
ould therefore be to measure the �distan
e� between the 
urrent state andthe 
losest state in F. Unfortunately, this is 
ompletely untra
table in pra
ti
e. Althoughni
ely intuitive, this approa
h deserves therefore to be improved. A way of doing that is,�rst, to de�ne the largest invariant set asso
iated with a 
ontrol law, whi
h is the subsetof the viability kernel in whi
h a fall is e�e
tively avoided thanks to the 
ontrol law. Aninvarian
e margin 
an then be de�ned as the distan
e between the 
urrent state and theboundary of the largest invariant set. Finally, an adequate stability margin 
an be de�nedwith the help of a Lyapunov fun
tion and, even more, 
an be approximately 
omputed bysolving a well-posed optimization problem. It should be noti
ed, nevertheless, that su
h ananalysis doesn't take into a

ount possible variations in the state of the 
onta
t set.A full approa
h of walking stability in the most general 
ase remains therefore an openquestion [70℄.2.4 Synthesis of arti�
ial biped lo
omotionThe goal of this se
tion is not to a
hieve an exhaustive bibliographi
al review of bipedmotion 
ontrol approa
hes, but to present the main general prin
iples whi
h are (or 
ouldbe) used in the design of s
hemes for synthesizing the motion. In fa
t, the di�eren
es between
ontrol methods lie mainly in the way the desired motion of the system is spe
i�ed and inthe required level of a

ura
y in the des
ription. In the following we dis
uss the two main
lasses of approa
hes, where traje
tories are designed o�-line or on-line respe
tively.
INRIA



A Synthesis of Bipedal Lo
omotion in Human and Robots 132.4.1 Use of prede�ned traje
toriesThe most popular approa
h for biped 
ontrol design in
ludes both the a-priori de�nitionof traje
tories to tra
k and dedi
ated te
hniques of on-line adaption to 
ope with modelun
ertainties, obsta
les and disturban
es in order to prevent the robot from falling. Severalmethods 
an be used to 
ompute the desired (also 
alled referen
e) traje
tories, denotedgeneri
ally as the multidimensional time fun
tion qd(t) in the following.2.4.1.1 Traje
tories in the joint spa
eReferen
e traje
tories are 
ommonly de�ned in the joint spa
e. Roughly, they 
an beeither human-inspired or purely generated by a 
omputer using various methods.In the �rst 
ase, an intuitive idea 
onsists in using data issued from human motion analysis:either standard joint motion patterns found in the biome
hani
al literature or espe
ially
aptured motions, under the form of time joint traje
tories, 
y
lograms, phase portraits...However, in both 
ases, the data generally don't �t exa
tly the a
tual kinemati
s of therobot. Furthermore, we generally want to be able to perform motions whi
h may di�erfrom the re
orded ones (
hange of velo
ity, of type of walk, of ground geometry, transientbehaviors...). It is also desired to avoid storing large databases integrating all requiredexperimental data. This is why many people, and in parti
ular from the 
omputer animationarea, have developed methods allowing to adapt 
aptured data to various types and sizesof humans and to modify the spe
i�ed motions [86℄. This often requires to adopt 
ompa
tparameterized representations of data: wavelet, polynomial or Fourier approximations arethe most widely used.A se
ond way of generating traje
tories, valid in the 
ase of 
y
li
 motions, is to mimi
 thehuman rhythmi
 fun
tion, trying to repla
e the fun
tion of a Central Pattern Generator(see se
tion 3). The idea is to design self-os
illating systems (i.e. without inputs, althoughthe shape of the output be tunable through some parameters) from whi
h 
an be derivedsyn
hronized periodi
 motions of the joints. This approa
h is generally used for generatinggaits for multi-legged robots (quadrupeds, hexapods) or snake-like systems, but some worksalso address biped robots. The most known nonlinear os
illator is the Van der Pol equation:
ÿ + a(1 − by2)ẏ + c2y = 0 (7)from whi
h many variations 
an be derived. Similar results 
an be obtained from a morebiologi
ally inspired point of view: the design of neural os
illators [142℄. In that 
ase, sets ofarti�
ial neural networks with possible open-loop sinusoidal ex
itation [213℄ are 
onne
tedto generate plausible walking patterns. In some 
ases it is even possible to 
reate a kind offeedba
k in order to 
ope with environmental variations or to improve stability [72℄.Besides the previous approa
hes, whi
h more or less dire
tly rely on an observation of theway human solves his walking problem, a fruitful idea 
onsists in 
onsidering a biped robotas a dynami
al me
hani
al system to whi
h te
hniques of numeri
al optimization or of op-timal 
ontrol 
an be applied. This 
an be linked to the fa
t that in nominal steady state
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14 C. Azevedo, B. Amblard, C. Espiau, C. Assaiantewalking, humans minimize the rate of metaboli
 energy 
onsumption by distan
e unit. Froma stri
tly me
hani
al point of view, the underlying idea is to exploit in the most e�
ientway the 
y
li
 
onversion between kineti
 and potential energies whi
h is involved in walk-ing. Ballisti
 motions and impa
ts play an important role in this framework. Obviously,sear
hing for synthesis of optimal motion requires the knowledge of an a

urate model ofthe system, mainly in its dynami
al aspe
ts.From a general point of view an optimization problem �rstly relies on a 
ost fun
tion to beminimized. In roboti
s, generally [183, 45℄, 
ost fun
tions are built from the basi
 form
J =

∫ T

0

L(τ, q, q̇)dt (8)with:
L = (1 − α) + ατT Wτ (9)where τ is the set of a
tuation torques, W a weighting matrix and T the temporal horizonalong whi
h the optimization is performed. The 
onstant parameter α ∈ [0, 1] expresses therelative weight whi
h is given to the minimization of the time (α = 0, T unknown) vs theminimization of torques (α = 1). In that last 
ase, whi
h will be the only 
onsidered one inthe following, T is �xed. It 
orresponds to the duration of either a step, a stride, a double ora single support phase a

ording to the 
onsidered 
ases. It should be emphasized that theinteresting issue is, like for humans, to �nally minimize the energy 
onsumption with respe
tto the elapsed distan
e, in order to improve the autonomy of the robot. Sin
e this is noteasily tra
table from a dynami
al point of view, where time is involved, a rather frequentapproa
h is to �x both T and the step length.Remark: knowing that the derivative of the overall me
hani
al energy of a fri
tionlesssystem is equal to the power of external for
es and torques, it is also possible to try tominimize the integral of [80℄:

L = τT Wq̇2 (10)Finally, let us noti
e that it is sometimes interesting to in
lude in the 
ost fun
tion a so-
alled �nal 
ost, under the form J ′ = J + f(q(T ), q̇(T )). This may for example leave some�exibility in 
ontinuity 
onditions on the state variables during 
hange of phases [80℄, whi
his less 
onstraining than the following issues.The minimization problem has now to be 
ompleted with initial/�nal 
onditions and 
on-straints. Initial and �nal 
onditions 
on
ern the state and 
an be more or less 
ompletely�xed. Usually, 
onditions on positions should ensure the periodi
ity and the symmetry ofthe walk; velo
ities 
an be left free or a 
ombination of some of them �xed if for example itis desired to have a smooth foot landing.Contrary to the �nal 
ost or to previously evoked 
onditions, 
onstraints are de�ned alongthe whole optimization horizon. They may 
on
ern state variables as well as 
ontrol inputs.They are of two types:� equality 
onstraints. The �rst of them is of 
ourse the dynami
s itself (eq.(1)), in-
luding or not impa
t equations eq.(3) a

ording to the addressed problem. ClosureINRIA



A Synthesis of Bipedal Lo
omotion in Human and Robots 15equations of type eq.(2) may also be involved, for example in double support phaseor when 
limbing a known stair. Position-based equality 
onstraints are also a wayof imposing a kind of syn
hronization between the motions of the links, by spe
ifyingthe invarian
e of some 
ombinations of joint variables. Coordinate 
hange at landingtime have also to be in
luded in the problem statement.� inequality 
onstraints. They are generally used to 
hara
terize feasible motions. Froma pra
ti
al point of view, intrinsi
 limitations have to be 
onsidered in all 
ases, likejoint limits as well as a
tuator bounds. Pra
ti
al issues, like foot 
learan
e during theswing phase or avoidan
e of an obsta
le of known shape, 
an be expressed under theform of inequality 
onstraints on joint positions. Another set of inequality 
onstraints
an be derived from 
onditions on normal and tangential 
onta
t for
es (see se
tion2.2.1): no sliding, no ground penetration or no unauthorized take-o�.On
e all the elements of the optimization problem have been de�ned, it remains to sele
ta method of resolution. Let us re
all that the goal is to �nd both a set of parameters p∗(some initial/�nal 
onditions, transition time between double support and swing phases...)and an open-loop 
ontrol τ∗(t) t ∈ [0, T ], whi
h result in an optimal time joint traje
tory tobe tra
ked later. Two main approa
hes 
an be 
onsidered for solving this problem. The �rstone is to dire
tly apply numeri
al optimization algorithms to the spe
i�ed problem, with asdrawba
k the absen
e of guaranty of true optimality of the solution. This method will beused in se
tion 2.4.2. In order to transform the problem into the optimization of a �nite(even large) set of parameters, a dis
retization method is required. This 
an be a 
lassi-
al time-dis
retization using an Euler s
heme with the assumption of a pie
ewise 
onstant
ontrol. Another possibility is, like in the 
ase of re
orded human motions, to parameterizethe involved variables through the development in series of fun
tions, the approximation bypolynomials... in temporal or frequential spa
es. The numeri
al resolution 
an be �nallyperformed using the e�
ient algorithms of Sequential Quadrati
 Programming implementedin easily available routines.A se
ond approa
h 
onsists in going further in the mathemati
al development of the prob-lem. Again two tra
ks are possible.� one possibility is to use the 
lassi
al variational 
al
ulous. In a �rst step, equality
onstraints, gathered into the expression h(q, q̇, τ) = 0, are in
luded into L throughthe 
onstitution of a Lagrangian:
L′ = L + λT

1 h (11)where λ1 is the array of asso
iated Lagrange multipliers. Note that the previouslyevoked introdu
tion of a �nal 
ost in J is another way of in
luding some equality
onstraints. This 
an be extended to, for example, some initial 
onditions, by addingto J the adequate term through a penalty 
oe�
ient. In that 
ase it is admittedthat all these 
onstraints 
annot be driven exa
tly to zero sin
e they take part to theRR n° 5450



16 C. Azevedo, B. Amblard, C. Espiau, C. Assaianteminimization. On
e this step is 
ompleted, the variation of the extended 
ost fun
tion,denoted as J ′, 
an be 
omputed. This leads to a set of 
oupled di�erential equationsin the state (q, q̇) and the Lagrange multipliers λ1. To these equations are atta
hedinitial and �nal 
onditions respe
tively. It is therefore a two-point boundary problemwhi
h requires an iterative solving with su

essive forward and ba
kward numeri
alintegration. Besides, the gradients of J ′ with respe
t to optimization parameters pand 
ontrol variable τ 
an be 
omputed and used jointly with the di�erential equationsolving in some des
ent method, like 
onjugate gradients.� another approa
h is based on the popular Pontryagins'maximum prin
iple, developedin the framework of optimal 
ontrol. Its prin
iple is the following: writing the dynami
sunder the 
lassi
al state form ẋ = g(x, τ), x standing for (q, q̇), we 
an de�ne a so-
alledHamiltonian:
H = −L(t, x, τ) + zT g(x, τ) (12)where z, 
alled adjoint state, plays the role of Lagrange multipliers. The ne
essaryoptimality 
onditions are then:

∀t ∈ [0, T ]



























ż∗(t) = −∂H
∂x

T
(t, ∗)

ẋ∗(t) = ∂H
∂z

T
(t, ∗)

∂H
∂τ

(t, ∗) = 0

(13)
∗ meaning that all variables are to be taken at the optimal solution.The last equation means that the optimal 
ontrol τ∗(t) 
orresponds to a maximum ofthe Hamiltonian. As previously, these equations 
ome with initial and �nal 
onditionswhi
h require, for example, the use of shooting methods for solving.To 
on
lude on this 
lass of methods for traje
tory generation, let us mention that they 
ouldalso be used to optimize the robot stru
ture itself by in
luding in the parameters to �nd,trough the minimization pro
ess, some physi
al issues: link mass distribution, lengths,...A last thing is that obtained traje
tories should not be 
onsidered in pra
ti
e as the trueoptimal ones, as used models are always unperfe
t, and the later introdu
tion of a 
ontrols
heme may result in a nonoptimal behavior: for example it 
an be more expensive to useenergy to a

urately tra
k an �optimal� traje
tory than to leave some freedom to the system.2.4.1.2 Traje
tories in other spa
esWhen there is no parti
ular reason to spe
ify traje
tories in the joint spa
e, it is ofteninteresting to use another type of spa
e, an element of whi
h is denoted as e(q, t), whi
h
an be seen as an output spa
e in the sense of automati
 
ontrol, the dynami
s havingthen the meaning of state equations. For example, it is easier to spe
ify what should be thetraje
tory of some points on the foot (heel, toes) whi
h allow to avoid an obsta
le on theground than expressing the same obje
tive in the joint spa
e. More generally, spe
ifyingINRIA



A Synthesis of Bipedal Lo
omotion in Human and Robots 17expli
itly what is the desired traje
tory of the Center of Pressure is a way of expressingsome pra
ti
al stability requirements.Many types of equality or inequality 
onstraints evoked previously 
an be intuitively ex-pressed in that way. For example, when setting velo
ities and a

elerations equal to zero,
hoosing as a 
onstraint the position of the CoM in su
h a way that stati
 stability is en-sured, and �xing the position in the 3D spa
e of some links, allow through the numeri
aloptimization pro
edure previously evoked to �nd stati
ally stable postures [32, 133, 19℄.A last point whi
h deserves to be emphasized is the fa
t that extero
eptive sensors whi
hmeasure lo
al intera
tion with the environment (proximity, distan
e, 
onta
t for
e) 
an bedire
tly used in a dedi
ated output spa
e without further signal transformation.From a 
ontrol point of view, it is worth noting that the spe
i�
ation of a tra
king obje
tivein an output spa
e allows to use the dedi
ated task-fun
tion approa
h [37℄ for driving e(q, t)to zero. A drawba
k of all that is the fa
t that, like for manipulators, singularities mayappear, even if expli
it inverse kinemati
s is not required. Another point is that input andoutput dimensions may di�er, whi
h requires to exploit the indu
ed redundan
y, like evokedat the end of se
tion 2.3.1.2.4.1.3 On-line adaptationOn
e a traje
tory qd(t) to follow has been de�ned, whatever the used method and the
hosen workspa
e, it is ne
essary to design a 
ontrol s
heme allowing to tra
k the traje
toryas a

urately as possible. Basi
ally, a proportional-derivative loop on the tra
king erroris the 
ore of the 
ontrol s
heme [19℄. However, sin
e the use of high gains is not alwaysdesirable due both to the presen
e of noise and to the need of dis
retization, good tra
kingperforman
es require the integration of additional issues in the 
ontrol. When the dynami
sof the system is well known, it is often interesting to use it, in a so-
alled 
omputed torqueapproa
h, in whi
h the applied 
ontrol torque is of the form (here in the joint spa
e):
Γ = M̂(q) ∗ (kp(q − qd) + kv(q̇ − q̇d)) + N̂(q, q̇)q̇ + Ĝ(q) + q̈d + ... (14)where the hats mean that more or less a

urate models are used (feedforward 
ontrol).At least the 
ompensation of gravity term G(q) should be 
onsidered. One of the mostimportant sour
e of errors is the e�e
t of fri
tion. As soon as an e�e
tive model of fri
tion,in joints, gears and a
tuators is available, it should be used, of 
ourse with 
are. Manyvariations around this s
heme exist, for example the linearization of the dynami
s, or theuse of an inverted pendulum model. Nevertheless, although this kind of 
ontrol 
an 
opewith some internal disturban
es, it is neither su�
ient to ensure in real time the stabilityof walking in a robust enough way nor to 
ope with environmental un
ertainties. The basi
requirement is now to �nd a way of 
ontrolling the ground 
onta
t for
es in order to be surethat the support foot (or feet) remain motionless when it is spe
i�ed and/or needed by thereferen
e traje
tory. This means that the 
ontrol has to ensure that the inequality 
onditions(no sliding, no take-o�) whi
h involve the Lagrange multipliers as stated in se
tion 2.2.1 areveri�ed at ea
h time despite disturban
es. Of 
ourse this 
apa
ity of rea
tion will be limitedby the bounds whi
h exist on the a
tuators.RR n° 5450



18 C. Azevedo, B. Amblard, C. Espiau, C. AssaianteA popular way of addressing this question is to split the 
ontrol into two parts [132, 124℄:a �rst one, whi
h is devoted to the tra
king of the pres
ribed traje
tory, involving a largesubset of the joints; a se
ond one whi
h is dedi
ated to the 
ontrol of the ground for
esthrough sele
ted joints: trunk, or more often, ankles. It 
an be shown that 
ontrollingankle torques is a way of approximately 
ontrol ground rea
tion for
es through an adequate
ompliant model. The design of the 
ontrol 
an be done using the previously evoked invertedpendulum approximation. The implementation 
an use more or less dire
tly for
e/torquemeasured by sensors in the ankle or the sole. Another way of 
ontrolling the balan
e is touse a dire
t feedba
k of the total angular momentum in the 
ontrol of ankle torques [116℄.Although these approa
hes have demonstrated some e�
ien
y, they su�er from a la
k ofgeneri
ity. An interesting attempt to derive a systemati
 way of online adapting (see se
tion3) the behavior of the system 
onsists in adding degrees of freedom to the de�nition ofthe traje
tories to tra
k by parameterizing them [209, 211℄. The prin
iple of the methodis the following: let us 
onsider that, in fa
t, the referen
e traje
tory depends from a setof time-varying twi
e di�erentiable parameters p: qd = qd(p(t)). In p may appear various
hara
terizations of the traje
tories: step length, maximal height of the heel traje
tory, et
...even in
luding a possibility of time s
aling in order to speed up or down the motion. Theseparameters are set to a nominal value p∗ 
orresponding to the desired motion. However,sin
e they are supposed to evolve when needed, it is ne
essary to set their dynami
s ofreturn to p∗, through a linear se
ond order behavior p̈d = f(p, ṗ, p∗). Now, it 
an be shownthat is it possible to gather the dynami
s in
luding a PD 
ontrol s
heme like in eq.(14), theunilaterality of 
onta
ts, the requirements of non-sliding and no take-o�, and the bounds ona
tuators, all des
ribed in se
tion 2.2.1 and summarized in equation (6), in a single ve
torinequality of the form:
L(q, q̇, p, ṗ, p̈) ≤ 0 (15)The problem is now to be solved by �nding at ea
h time through an adequate optimizationmethod the parameter a

eleration p̈ whi
h minimizes ||p̈d − p̈||2 while ensuring that (15) issatis�ed. This approa
h is, for example, able to 
ompensate for disturban
es like externalfor
es applied to the body, sin
e they re�e
t at the internal state level, and are thereforea

ounted through the respe
t of the inequality (15). It has been shown [211℄ that it ispossible to in
rease by a fa
tor ten the range of a

eptable disturban
es with this method,
ompared to non-adaptive ones. Furthermore, the use of extero
eptive information likedistan
e, proximity, vision is allowed sin
e they may generate dire
tly a modi�
ation of theparameters, for example to 
limb a stair or to avoid a hole, even though the dete
tion isperformed online.2.4.2 On-line synthesis of the motion2.4.2.1 Inspiration from passive walkingHistori
ally, a �rst attempt to ta
kle the problem of biped lo
omotion synthesis was toexploit the 
on
ept of passive walking [144, 89℄, following earlier studies on hopping systems[177℄. Let us 
onsider the simplest possible walking system, a 
ompass with pin-point feet
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Figure 3: A simple 
ompass model(�g.3). On
e 
onstrained to stay within a verti
al plane, this single-joint system has a 4-dimension 
on�guration spa
e. Let us now pla
e it on a plane slope in su
h a way that itmoves by itself, without any further a
tuation, like some toys, and make some assumptions:� the gait 
onsists of two stages: a swing phase during whi
h the robot hip pivotsaround the support point, supposed to stay motionless; a transition phase, whi
ho

urs instantaneously, when the swing leg tou
hes the ground and simultaneously theprevious support leg leaves the ground;� the impa
t is assumed to be slipless unelasti
. This implies that at the transition the
on�guration remains un
hanged, while angular momentum 
onservation leads to adis
ontinuous 
hange in velo
ities.Consequently, the robot behavior 
an be fully des
ribed by a 2D state (position and velo
ityof the hip joint), the dynami
s of whi
h is of the form (1) with a se
ond member equalto zero for the �ight phase, and with an impa
t model as des
ribed in se
tion 2.2.2. Dueto its low dimension, an adequate study tool of this system is the phase portrait, i.e. theevolution of orbital traje
tories (q, q̇). The stability of these orbits 
an be studied throughthe Poin
aré map. It 
an thus be shown that, for some sets of slopes, mass distributionsand initial 
onditions, the system rea
hes freely an asymptoti
ally stable orbit, whi
h resultsfrom an optimal balan
e of the energies involved in the system: transformation between po-tential and kineti
 ones, loss at impa
t. The overall me
hani
al energy, whi
h is 
onstant, isa 
hara
teristi
 of the obtained walk, whi
h 
orresponds to a kind of �energeti
ally optimal
omfort gait� for the system. This traje
tory is in fa
t found by the robot itself thanksto the laws of me
hani
s. It 
an be shown that in
reasing the slope leads to phenomenaof period doubling (bifur
ation), followed by a 
haoti
 behavior and then by a fall if thedes
ent is too steep.This idea has been later largely exploited, �rst by adding more joints (knees, trunk, feet),springs, masses, still in a purely passive framework [48℄. But the idea to extend the approa
hto a
tively 
ontrolled systems appeared also as an interesting tra
k [12, 154℄. The prin
ipleis to design a 
ontrol whi
h mimi
s the behavior of a passive system, i.e. the 
onvergen
etowards an optimal stable orbit, even in the 
ase of non des
ending planes. Another advan-RR n° 5450



20 C. Azevedo, B. Amblard, C. Espiau, C. Assaiantetage of a well-designed 
ontrol lies in the possibility to extent the basin of attra
tion of thestable orbit. Nevertheless, despite their interest, all these approa
hes are di�
ult to applyto 3D real systems with several degrees of freedom, 
omplex ground 
onta
t models, et
...It should however be noti
ed that the idea of studying the behavior of the system throughits orbital stability has also been su

essfully used in the design of the 
ontrol of the robotRabbit [170, 46, 207℄. This planar 7 DoF robot presents an undera
tuation of degree 1,therefore a zero dynami
s, the stability of whi
h 
an be assessed using a Poin
aré map.2.4.2.2 On-line optimizationThe ultimate way to adapt in real-time the motion of the robot is to even avoid usingany type of pre-
omputed traje
tories. Among the 
andidate approa
hes to this kind of on-line motion synthesis, the so-
alled Model Predi
tive Control (MPC) te
hniques lookwell-suited. The 
ommon underlying idea is the following. Let us �rstly assume that wehave got a dynami
al model of the system good enough for synthesizing a 
ontrol s
heme.Then, the prin
iple of the method 
onsists in performing at ea
h sampling time the followingoperations:1. measurement of the a
tual state;2. 
omputation of the 
ontrol whi
h optimizes a given state-dependent 
ost-fun
tion ona �nite horizon, starting from the 
urrent time;3. appli
ation of the �rst 
omputed 
ontrol inputs only;4. return to step 1.Histori
ally, this approa
h has been applied to large systems, like 
hemi
al plants, the dy-nami
s of whi
h were slow enough to be 
ompatible with the required optimization time.The exponential growth of available 
omputer power at 
onstant 
ost made it possible toprogressively extend the domain of appli
ation of these methods to more rapid pro
esses.The bottlene
k remains nevertheless the availability of theoreti
al results of stability, whi
his now limited to linear systems or parti
ular 
lasses of nonlinear ones. The NonlinearModel Predi
tive Control (NMPC), asso
iated with this last 
ase, has some abilityto handle 
onstraints, whi
h makes it well suited to the problem of walking pattern syn-thesis and 
ontrol of a biped robot subje
t to unilateral 
onstraints or disturban
es due toan unstru
tured environment. A 
omplete overview about theoreti
al and pra
ti
al results
on
erning the MPC or the NMPC 
an be found in [7℄. However it 
an be seen from thesepapers that the straightforward appli
ation of the algorithms is very limited when dealingwith highly dynami
al systems su
h robots. In fa
t, most of the assumptions required toguarantee stability are not tra
table. Furthermore, this te
hnique has been developed in areferen
e traje
tory framework. Some modi�
ations of the approa
h are therefore requiredfor the appli
ation to on-line walking synthesis. Following the idea of the parameter adapta-tion method presented earlier �.2.4.1.3 whi
h solves at ea
h time an optimization problem,the Traje
tory-Free Nonlinear Model Predi
tive Control (TF-NMPC) [20℄), is
INRIA



A Synthesis of Bipedal Lo
omotion in Human and Robots 21based on a 
onstrained optimization problem with a moving horizon. Moreover, a set of
onstraints g is imposed in order to ensure feasibility of walking. De�ning these 
onstraintsis the only way whi
h is used to express impli
itly the desired motion of the robot. A quali-tative example of su
h possible spe
i�
ations, in the 
ase of steady-state normal walking inthe sagittal plane is, for the swing phase:� physi
al limits: the 
ontrol torques belong to a given set; the range of joint values isbounded� stability: normal 
onta
t for
es are stri
tly greater than given positive values; the ab-solute values of tangential for
es are less than given thresholds linked to fri
tion para-meters� forward progression: the horizontal velo
ity of the ankle of the swing leg belongs to agiven interval; the horizontal position of the pelvis stays inside the position of the toesof the support foot and the horizontal one of the heel of the swinging foot� posture: the angle expressing the trunk bending is positive and bounded; the anglebetween the sole of the swing foot and the ground is �xed; the height of the pelvis islow-bounded;� foot 
learan
e: the verti
al position of the ankle is 
onstrained to stay inside a givenarea (for example spe
i�ed by two polynomial fun
tions of its horizontal position).These fun
tions are a way of avoiding obsta
les or 
limbing stairs.Thus, the TF-NMPC 
onsists in optimizing, from the inputs (
ontrol, state, 
onta
tfor
es...), the anti
ipated future behavior of the system, subje
ted to 
onstraints, using aninternal model over a �nite sliding time horizon. The TF-NMPC is �nally termed as thefollowing open loop 
onstrained optimization problem that is solved at ea
h sampling time:
min

u
Nc

k

J(xk, uNc

k ) = Φ(xNc|k) +
∑Nc−1

i=0
L(xi|k, ui|k)subje
t to: xl+1|k = f(xl|k, ul|k)

x0|k = xk

g(xl|k) ≤ 0
ul|k ∈ U, l ∈ [0, Nc − 1]
xl|k ∈ X, l ∈ [0, Nc]with: U := {uk ∈ IRm | umin ≤ uk ≤ umax}
X := {xk ∈ IRn | xmin ≤ xk ≤ xmax}

(16)
where:� si|k is a notation meaning that the variable s is predi
ted at the 
urrent time k. Theindex i indi
ates the predi
tion time 
ontroller starting from k,� uk and xk are respe
tively the input and the state of the system,� xi|k+1 = f(xi|k, ui|k) is the nonlinear dynami
s model,RR n° 5450



22 C. Azevedo, B. Amblard, C. Espiau, C. Assaiante� J is the obje
tive fun
tion to minimize 
omposed of a 
ost fun
tion L depending onstate x and input u,� Φ is a weighted fa
tor depending on the terminal state over the horizon introdu
ed toguarantee stability [7, 143℄,� U is a set of input 
onstraints,� X a set of state 
onstraints,� g(xl|k) ≤ 0 de�ne the set of inequalities 
hara
terizing the physi
al walking motion
onstraints.The solution of the optimization algorithm is a sequen
e of Nc 
ontrol inputs over thepredi
tion horizon Np. Only the �rst input is applied to the system and the pro
edure startsagain. It should be noted that the feedba
k e�e
t whi
h should be in
luded in any real-time
ontrol appears through the use of a
tual 
urrent values of the state in the optimization.Furthermore, the adaptation of the motion in order to rea
t to unexpe
ted events 
an beperformed by modifying on line the set of equality and inequality 
onstraints (�g.4).
obstacleX0|k

U0|k U1|k

X1|k

U
Nc=[U0|k ,U1|k… UNc|k]

T
k

X
Nc=[X0|k ,X1|k… XNc|k]

T
k

time

k      k+1    k+2                                                                        k+Nc

sliding horizon

Figure 4: NMPC prin
iples3 How does human walk: a fun
tional des
riptionRegulation of human walking should be an ex
ellent example for roboti
s sin
e human 
ouldbe 
onsidered as the �ultimate robot". It is espe
ially important to learn about some of thefeatures whi
h make human displa
ements su
h e�
ient, automated yet highly adaptable[70℄.We will not des
ribe here walking stru
ture sin
e many works exist on the topi
, thereader is referred to: [6, 40, 82, 182, 200, 208, 215, 221℄. We will fo
us our attention onthe ar
hite
ture of the 
ontroller and the me
hanisms involved in the a
hievement of bipeddispla
ements. INRIA



A Synthesis of Bipedal Lo
omotion in Human and Robots 23On the past de
ades, experimental studies on human lo
omotion were mainly fo
usedon the e�e
tors, i.e. the limbs less on the multi-joint and segmental strategies. Central
ontroller, i.e. the brain, has 
lassi
ally been investigated in animal studies (for review,see [67℄) and in humans with 
lini
al studies. Thus, only indire
t observations in humanpathologies were available as regards the 
entral stru
tures responsible for human lo
omo-tion. Re
ently, the brain was investigated during lo
omotion in healthy subje
ts with TMS(Trans
orti
al Magneti
 Stimulation) [38, 39, 168℄. Moreover, ankle dorsi�exion as an fMRI(Fun
tional Magneti
 Resonan
e Imaging) paradigms to assay motor 
ontrol for walkingas been proposed [61℄. Walking is not feasible during fMRI but has been performed dur-ing near-infrared spe
tros
opy (NIRS) [153, 152℄, �uorodeoxyglu
ose PET [60℄, and singlephoton emission 
omputerized tomography [81℄. This hierar
hy in the interest taken in thevarious 
omponents of bipedal lo
omotion that we will analyze below results in 
orrespond-ing di�
ulties for experimental approa
hes. Indeed, if analyzing a
tivity of the e�e
tors,the kinemati
s and the dynami
s of movements have been fa
ilitated thanks to various newand e�
ient tools su
h as ele
tromyography, for
e-plates and opti
-ele
troni
 analyzers withlow 
onstraints for the subje
ts. The moving brain is still not 
ompatible with imagingmeasurements. Only indire
t observations in human pathologies are available up to now asregards the 
entral stru
tures responsible for human lo
omotion.Our attempt in this paper is to raise the main features available in the literature andresulting from our own works 
on
erning human behavior and to express them from a fun
-tional point of view as basi
 prin
iples whi
h should bene�t to future anthropoid robot
ontroller design. We use on purpose vo
abulary from automati
 
ontrol and roboti
s todes
ribe them.3.1 Prin
iples of the postural 
ontrol3.1.1 Postural orientation and postural stabilizationPosture is usually de�ned as the relative position of the various parts of the body withrespe
t to one another and to the environment. But posture is above all an a
tive 
on-trol as it is ne
essarily obtained by a mus
ular a
tivity to �ght against gravity. We willde�ne the posture through two 
omponents: orientation and stabilization. The posturalorientation (or 
on�guration) of the body parts 
orresponds to the organization of thebody segments with respe
t one to another but also with respe
t to an external referential(§.3.1.3). Redundan
y plays an important role as there exists several 
on�gurations to rea
ha same obje
tive. The postural stabilization (or balan
e) of the 
on�guration 
onsists inmaintaining a
tively by mus
le 
ontra
tions and elements of movement the 
hosen postural
on�guration against external or internal disturban
es or the ina

ura
y of biologi
al sig-nals and 
ommands. Redundant and 
omplementary sensory information inform the systemabout errors and drifts of the a
tual posture in 
omparison with the desired one. In s
ubadiving or in mi
rogravity, without any voluntary movement, only orientation 
omponent ispresent and there is no external for
e to disturb the posture.A
tually, the postural 
ontrol system is involved in the 
ontrol of these two behavioral goals,
RR n° 5450



24 C. Azevedo, B. Amblard, C. Espiau, C. Assaianteboth ne
essary to provide a stable body platform for the e�
ient exe
ution of movements[104, 158, 9℄. Orientation and stabilization are probably 
ontrolled independently [9℄ bydistin
t me
hanisms as regards the implied neural networks [166℄ and the frequen
y domainof used sensory error signals [9, 8℄.3.1.2 Postural and lo
omotor equilibriumA major problem for human standing posture is a high 
enter of mass (CoM) maintainedover a relatively small base of support. The body has therefore a high potential energyleading to priority of equilibrium 
ontrol during all motor tasks.Balan
e is not an isolated fun
tion and it 
annot be separated from the a
tion of whi
hit is an integral 
omponent, or from the environment in whi
h it is performed [107℄. It re-quires 
ontrol of both gravitational and a

eleration for
es, in order to maintain respe
tivelyposture and equilibrium. A

eleration for
es may be generated within the body voluntarymovement or from an outside disturban
e, su
h as a push.Balan
e 
ontrol 
onsists in maintaining the body 
enter of mass (CoM) within manageablelimits of the base of support, as in standing, or in de�ning a new base of support, as inwalking or running.Postural equilibrium (i.e. balan
e, i.e. stability) is a state in whi
h all the for
es a
ting onthe body are 
ontrolled, so that the body rests in an intended position or is able to progressthrough an intended movement without losing balan
e. In quiet standing, postural balan
e,
lassi
ally 
alled stati
 equilibrium, 
orresponds therefore to the de�nition of me
hani
alequilibrium: the system is in a state where the sum of the for
es and torques applied to itis equal to zero. Balan
e in walking does not 
ope with this de�nition, sin
e the 
enter ofmass is lying outside the base of support for 80% of the gait 
y
le. It is abusively 
alleddynami
 equilibrium, and there is no stri
t de�nition to express the fa
t that the bodymoves without falling.Equilibrium 
ontrol relates to maintaining intersegmental stability of the body and its partsdespite the for
es a
ting on it. For
es indu
ed by linear and/or angular a

elerations a�e
tthe relationship between body parts. For example, the angular a

eleration a
ting at theshoulder when raising an arm 
reates rea
tive moments on the trunk whi
h must be 
oun-tered by opposing postural moments before and during the movement [73℄.Similarly, horizontal a

eleration for
es o

ur at the hip during walking. Be
ause they a
tat some distan
e from the 
enter of mass, they 
ause unbalan
ing moments that would, ifunopposed, 
ause �exion of trunk at initial 
onta
t and extension during push-o� [216℄. Inorder to prevent this, the balan
e system produ
es almost equal and opposite hip moments,redu
ing antero-posterior movement of the trunk.The a
tivity undertaken determines the magnitude, dire
tion and 
ombination of the for
esof gravity and a

eleration, 
hanging its biome
hani
al parameters throughout the task.Environmental 
ontext of a task 
an also alter its biome
hani
al parameters: walking sur-fa
es indu
e a

ommodation of walking kinemati
s and kineti
s and modi�
ation of balan
estrategies. Obsta
le avoidan
e strategies are also an environmental e�e
t on motor andbalan
e [107℄. INRIA
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omotion in Human and Robots 253.1.3 Spatial referen
e frames and segmental stabilization strategiesTo a

urately maintain postural as well as lo
omotor equilibrium, the postural system relieson stable referen
e frames. These frames may be either external (exo
entri
) like thegravity verti
al or the horizontal ground, or internal (ego
entri
) if they 
on
ern the body.In the latter 
ase, they may be either global (i.e. 
on
ern the whole body) or related to asingle body segment. Indeed, ea
h body segment (either moving or stationary) 
an 
onsti-tute a spatial referen
e frame for another segment and/or the whole body. The head, forinstan
e, may be referred to the trunk through the ne
k signals, whi
h 
ode both velo
ityand position of the relative head-to-trunk rotation [11, 148℄, but the head may also be re-ferred to the verti
al gravity for
e via vestibular signals. As an example of ego
entri
 frameof referen
e, the orientation of a given body segment su
h as the head, trunk and forearmserves as referen
e frame for 
al
ulating the position of obje
ts in the surrounding spa
e andfor planning the appropriate hand traje
tory for rea
hing and grasping [191, 141℄.An important aim of the human postural 
ontrol is therefore to insure the stabilization withrespe
t to spa
e of a given body segment, whi
h will be used as a spatial referen
e framefor movement programming or postural stability, namely to adopt the appropriate strategyof segmental stabilization [15, 112, 10℄.Standing and walking a
tivities are organized on the basis of two types of stable referen
es:the support on whi
h the subje
t is standing and the gravity verti
al. In the 
ase of asteady 
onta
t, the surfa
e on whi
h the subje
t is standing 
onstitutes an exo
entri
 frameof referen
e used for postural 
ontrol, the feet are an
hored and referred to the stable earthsurfa
e by gravity via pressure re
eptors in the plantar sole [88℄. The subje
t relies mainlyon the proprio
eptive and 
utaneous information 
onveyed by the e�e
tors and temporallyorganizes his balan
e 
ontrol upwards from the feet to the head in a as
ending organiza-tion.In the 
ase of intermittent 
onta
t, it is ne
essary to stabilize, on the basis of the gravityverti
al, at least one anatomi
al segment whi
h then 
onstitutes the referen
e value. Thereis a need to transfer the referen
e frame from the support to an angularly stabilized bodysegment, su
h as the head or the pelvis [15℄. The spatial orientation of the head may thushave to be maintained in order to serve as an ego
entri
 referen
e value for 
ontrolling thelo
omotor equilibrium or the movement traje
tory [26, 24℄. The 
hoi
e of the stabilizedsegment presumably depends on the dynami
 
onstraints, whi
h de�ne the di�
ulty of thepostural or lo
omotor task. It may be either the hip, at about the level of the 
enter ofmass, or the head whi
h 
arries the vestibular system. The stabilized segment 
onstitutes theorigin of the temporal organization of balan
e 
ontrol. The subje
t relies on the verti
al pullof gravity in order to stabilize either the pelvis or the head, on the basis of lo
al informationabout gravity. The subje
t then stabilizes his head in spa
e mainly on the basis of vestibularinformation and temporally organizes his balan
e 
ontrol working downwards from the headto the feet in a des
ending organization [15℄.The use of spatial frames of referen
e implies the ability, for the 
entral nervous system,to build up and utilize internal representations of the body in spa
e, that we will 
onsiderbelow (§.3.3.3).
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26 C. Azevedo, B. Amblard, C. Espiau, C. Assaiante3.1.4 The trunk, leader segment of human lo
omotionHuman lo
omotion is mainly organized towards the 
ontrol of the trunk, due to its mass, andwe 
an say that human walks primarily with his/her trunk, the limbs following it (or not,in whi
h 
ase the walker falls). Indeed, falls 
an be the result of an inability of the e�e
torsto rapidly respond to more or less un
ontrolled movements of the trunk mass. Similarly, we
an say that braking and stopping lo
omotion are behaviors that are less indu
ed by thelimbs than by the trunk itself. Due to its mass (over 40% of the total body mass), the trunkhas a privileged role in equilibrium maintenan
e, and thus appears to be the main segmentboth for eli
iting and stopping lo
omotion.These parti
ular skills have to be learned during human ontogenesis, be
ause of the growthof the mus
ulo-skeletal system that has to be integrated in the body s
heme and be
ause ofthe progressive maturation of the 
entral nervous system.In fa
t, human trunk is not a single solid segment, but rather a superposition of several ones,at least two in the lateral plane, the third lumbar vertebra (L3) being the main pivot ofthe lateral spinal movements [165℄. During bipedal lo
omotion, the di�
ulty of maintainingequilibrium is a

entuated by the fa
t that the weight of the whole body has to be supportedby one leg at a time during the swing phase of gait, during whi
h verti
al proje
tion ofthe CoM remains out of the supporting surfa
e. This 
ould indu
e destabilization of thetrunk towards the swing leg, whi
h is in fa
t partly avoided thanks to appropriate posturaladjustments, the residual destabilization being then over
ame by the 
onta
t of the swingleg with the �oor. The main feature of lateral movements of the spine while walking is thena 
lear stabilization in spa
e of the upper trunk (above L3), asso
iated with a des
endingtemporal organization of the lateral trunk movements, suggesting an anti
ipation of theimbalan
e due to the intermittent foot 
onta
t with the ground (feedforward pro
ess) [195,156℄.Before the building up of su
h anti
ipatory movements during ontogenesis, 
hildren ratherdisplay a hip-
entered organization of lateral balan
e 
ontrol during lo
omotion, suggestingonly an anti
ipatory a
tivity only at the pelvis level with respe
t to the feet movementsasso
iated with a rea
tive a
tivity (feedba
k pro
ess) of the upper part of the body withrespe
t to the pelvis [16, 15, 17℄. This rea
tive behavior of the trunk in walking 
hildrendoes not yet insure e
onomy of energy expenditure that will be observed later-on in adults.The 
onstant feature a
ross life span is in fa
t the pelvis stabilization in spa
e while walking,whi
h appears from the �rst week of autonomous walking. This early pelvis stabilizationin spa
e is presumably aimed at minimizing the lateral movements of the 
enter of mass(CoM) and avoiding fall of the hip towards the swing leg [214, 135℄. The stabilization of thehip seems to be a prerequisite for autonomous walking in toddlers.As regards horizontal movements (about a verti
al axis) of the spine in walking adults, theyalso show a temporal des
ending organization from the shoulder downwards, due to theos
illating arms, whereas horizontal movements of the pelvis are initiated by the steppingmovements at the feet level [51℄.
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A Synthesis of Bipedal Lo
omotion in Human and Robots 273.1.5 The limbs, e�e
tors of lo
omotionThe question of whether or not 
ontrol of human gait is based on a quadruped lo
omotionsystem has been re
ently addressed [56℄. Re
ent resear
h indi
ates that interlimb 
oordi-nation during human lo
omotion is organized in a similar way to that in the 
at [58℄. Theauthors have suggested that, in humans, the proximal arm mus
le responses were asso
iatedwith the swinging of the legs during gait, as a residual fun
tion of quadruped lo
omotion.Some other 
omparisons may also be made. In quadrupeds, when one leg be
omes un-supported, a diagonal stan
e takes pla
e, whereby the body support is provided by twodiagonally opposite limbs, without displa
ement of the CoM [109, 83℄. Although there areobviously notable di�eren
es between walking with two or four legs, 
omparable quadrupedorganization and diagonal pattern 
an be observed in human lo
omotion.Nevertheless, an important di�eren
e between both types of displa
ements is that whileinitiating lo
omotion, human subje
ts have to �rstly transfer their weight over the sup-porting leg before lifting the os
illating one. It should be noted that me
hani
al sensors inthe extensor mus
les of the legs provide the 
entral nervous system with information liableto 
ontribute to this motor programming. Extensor load re
eptors are thought to signal
hanges of the proje
tion of body 
enter of mass with respe
t to the feet [55℄. A se
onddi�eren
e is that while walking, the verti
al proje
tion of the CoM in bipeds remains mostof the time out of the supporting base. This is part of e
onomy expenditure, sin
e walkingbiped 
an allow lateral fall (CoM proje
tion out of the supporting surfa
e) towards the os-
illating leg during single support phase. However, during steady state lo
omotion, a kindof diagonal pattern may be observed in the gait 
y
le, sin
e the forefoot of the supportinglegs produ
e forward and verti
al impulse, after what the os
illating leg �rstly 
onta
ts theground with the heel. This mature pattern has also to be a
quired during ontogenesis, sin
ein the lo
omotor pattern during the newborn period (6- 12 months of age) the foot is pla
edon its forepart straight under the body before being later a plantigrade pattern of lo
omotion[78℄. Moreover, it should be noted that, due to the me
hani
al properties of the heel pad,there is some energy loss during a 
y
le of 
ompressive loading and unloading. In fa
t, thespringy heel pad may help to reposition the foot during the transfer of load from the heelto the forefoot [121℄.Ea
h foot is an arti
ulated segment, 
omposed at least of two parts, the anterior one in
lud-ing toes and the heel [85℄, providing with a me
hanism for 
hanging the gear ratio of theankle extensor mus
les during a running step for instan
e [41℄.Although they no more dire
tly 
ontribute to propulsion, as it is the 
ase in quadrupeds,the arms (upper limbs in quadrupeds) may help both e�
ien
y and equilibrium 
ontrol inthe performed movement during various kinds of human displa
ement. For instan
e, theadded balan
e and 
ontrol provided by the arms throughout the jumping motion largelyimproves jumping distan
e in the standing long jump [13℄. During normal lo
omotion, thereis a 
lear 
oordination between arm and leg movements [63, 204℄. A

ording to Wannier etal. [205℄, the 
hara
teristi
s of the 
oordination between arms and legs 
orrespond to those
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28 C. Azevedo, B. Amblard, C. Espiau, C. Assaianteof a system of two 
oupled os
illators as that underlying quadruped lo
omotion. Moreover,the loading of one arm, whi
h o

urs naturally while 
arrying some heavy obje
t, indu
esa general reorganization, involving all parti
ipating anatomi
al segments, presumably tomaintain balan
e while providing rhythm 
onstan
y [64℄.It is not 
lear whether or not arm movements asso
iated to human lo
omotion 
ontributeto energy 
onsumption, sin
e arm immobilization does not in
rease energy expenditure dur-ing level walking at 
omfortable walking speed [98℄. A

ording to Ja
kson [113℄, 
ontrolledupper limb movement would be a ne
essary 
omponent of smooth non-jerky lo
omotion.Another study have suggested that, during normal-speed walking, arm-swing and verti
alfree moments (for
e 
ouples in the horizontal plane between the foot and the ground) tendto reinfor
e ea
h other in balan
ing trunk torques indu
ed by the lower limbs, whereas bothare of redu
ed importan
e in slow walking [131℄. In the 
ase of an unexpe
ted slip at groundlevel, the rea
tive re
overy response 
onsists of a large arm elevation strategy [139℄. Thisobservation demonstrates the utility of rapid arm movements, easier than those of the trunkdue to the lower inertia of the limbs as 
ompared to that of the trunk, in 
ompensating forlo
omotor imbalan
e. This arm response also re�e
ts the fewer 
onstraints imposed uponthe a
tions of the arms, 
ompared to the legs, during normal lo
omotion [138℄. Thus, thearms seem to have mainly a me
hani
al 
ontribution to movement exe
ution rather than anenergeti
 one.3.1.6 Role of the headAs already mentioned above, the head angularly stabilized and an
hored on the gravitygravity 
onstitutes the referen
e frame whi
h human [94, 26, 16℄ and animal [179, 66, 196℄lo
omotion are referred to. This segment has therefore to resist to disturban
es indu
edby lo
omotor movements rather than to follow them. In response to a movement liable todisturb the postural or lo
omotor balan
e, the organism will thus predi
tably attempt tominimize the head angular movements indu
ed by the trunk os
illations, thanks to sensoryre
eptors that spe
ify head orientation relative to gravity (vestibular otoliths), head motion(otoliths and semi
ir
ular 
anals) and head position with respe
t to the environment (eyes).Similarly, when gaze stabilization towards a visual target is required, angular head move-ments in pit
h a
t in a 
ompensatory fashion to oppose the verti
al trunk translation thato

urs during ea
h step in the gait 
y
le [171℄. These strategies of head (or gaze) stabiliza-tion in spa
e (or on the visual target) during lo
omotor movements are thus mainly aimedat improving the pro
essing of the sensory feedba
k from the head (visual and/or vestibular)required for balan
e to be maintained or rea
hing to be adjusted.3.2 Hierar
hi
al 
ontrol ar
hite
tureA remarkably 
omplex system exists in human abilities to initiate, 
oordinate, and inte-grate the ongoing 
ontrol of mus
ular 
ontra
tions that result in a
tions. Proper 
ontrol ofmovement involves: 1) the a

urate timing and 
oordination of 
ommands to multiplemus
le groups, 2) an on-going monitoring of the 
urrent position of the body and theINRIA
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omotion in Human and Robots 29distribution of its mass to allow for making ne
essary adjustments, and 3) the integrationof 
onstraints imposed by the unique physi
al 
hara
teristi
s of the body and mus
les(su
h as inertia, resistan
e, and mus
le sti�ness). The motor system a

omplishes thesedi�
ult pro
esses by dividing the 
ontrol into smaller more manageable subtasks, with sep-arate stru
tures exe
uting ea
h subtask. The smooth synthesis of these tasks by the 
entralnervous system frees us to fo
us attention on a large part of our movements or environment.The motor 
ontrol system is a hierar
hi
al, de
entralized 
ontroller that 
onsists of severalsubsystems over whi
h subtasks and 
ommands are distributed [117, 71℄. A modular orga-nization at fun
tional levels has also been suggested in human 
apabilities in manipulatingmany di�erent tools with dexterity [108, 100, 119℄. Constraints from task and environmenta�e
t motor performan
e by altering biome
hani
al features of the a
tivity and a�e
tingthe amount of information that must be pro
essed in order to a
hieve both balan
e andmotor goal. Con
erning the 
ontrol of standing in human, Pérennou et al. have suggesteda predominan
e of the right hemisphere for 
ontrolling body stabilization while the lefthemisphere 
ontrols motor skills [167℄ (§.3.1.1). This spe
ialization of brain parts 
ouldoptimize the allo
ation of brain resour
es. But this spe
ulation still remains a matter ofdebate.3.2.1 Hierar
hi
al organization of the 
entral nervous systemThe so-
alled 
entral nervous system (CNS) 
onsists of the brain and spinal 
ord, it
an be seen as a 
omplex hierar
hi
al 
ontroller [198℄. One motor task is broken downinto several subtasks and 
ommands whi
h are distributed over di�erent subsystems [36℄.The motor 
ortex performs at the highest level in the hierar
hy 
ontrol, it is 
on
ernedwith 
on
eption of a
tions and strategies. The 
erebellum and brainstem operate at themiddle level, dealing with ta
ti
al planning to 
arry out the movements needed for a givenstrategy. Spinal 
ord is the lowest level, whi
h is 
on
erned with the a
tual exe
ution ofmovement and the ongoing monitoring of sensory information 
oming from the mus
les andjoints (i.e. peripheral nervous system (PNS)). All the 
ommands from the higher levels are
oordinated into properly timed 
ommands for the mus
les. Higher levels of the systemproje
t downward to in�uen
e sequentially a
tivities of lower levels. Even though a dire
tanalogy between CNS and a 
omputer is attra
tive, human brain 
annot be 
ompared to aphysi
al ma
hine sin
e it has to primarily build lo
omotor behaviors among many other onesduring ontogenesis, while progressively ensuring in parallel its own maturation. Hierar
hyplays a key role in human motor 
ontrol and learning [101℄. We 
an generate a variety ofstru
tured motor sequen
es su
h as writing or spee
h and learn to 
ombine elemental a
tionsin novel orders. This suggests that high-level representations may exist and that the lowerlevels are 
on
erned with 
ompensating for di�erent dynami
s.It has been proposed that the 
erebellum in
orporates various kinds of internal models,whi
h emulate the external world by learning from experien
e [218, 118, 77℄. They enableus to a
t qui
kly and appropriately by predi
ting the future. Most previous resear
h oninternal models fo
used on pure motor 
ontrol tasks, but some results 
on�rmed that in the
erebellum, there exist many internal models for highly 
ognitive tasks. Between the levels,RR n° 5450
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 VoluntaryPathways Spinal Brainstem / Corti
alsub
orti
alA
tivation External stimulus External stimulus External stimulusInternal 
ommands Self-generatorResponse Lo
al to stimulus appli Coordinated and Variable-
ation and stereotyped stereotypedRole in balan
e Mus
le for
e regulation Resisting Purposefuldisturban
es movementsLaten
y (leg level) Fixed 35-45ms Fixed 95-120ms Variable >150msTable 1: Properties of movement 
ontrol me
hanisms [120℄there should be a verti
al bidire
tional 
onne
tion, passing responsibilities upwards andpriors downwards. Many of the re
ent anatomi
al and physiologi
al �ndings are suggestiveof su
h a stru
ture within the 
orti
o-
erebellar loops.3.2.2 Movement 
ontrolConversely to 
lassi
al roboti
 te
hniques, human walking 
oordinated movements arenot generated by slaving to an expli
it representation of the pre
ise traje
toriesof the movement of ea
h anatomi
al segment but by dynami
 intera
tions among thenervous system, the mus
ular-skeletal system and the environment [193℄. Di�erent types ofmovement exist and are asso
iated to di�erent types of 
ommands. 1) Voluntary move-ments are integrated at a 
orti
al level and 
an be initiated without any external stimulus.2) Automati
 movements are memorized strategies whi
h are eli
ited by internal 
om-mands or external stimuli. 3) Spinal re�ex are geneti
ally programmed responses toexternal stimuli whi
h are modulated by superior 
enters. These di�erent type of move-ments are 
hara
terized by laten
ies that 
an go from 150ms to 35ms (table 1).The importan
e of sensory input for guiding movement is evident when analyzing the e�e
tsof damages to the tou
h re
eptors, mus
le spindle system, or Golgi tendon organ. As anexample, when proprio
eptive information from the hand is absent, �ne motor movementsare seriously impaired and vision is essential to maintain proper positioning. As an otherexample, a totally dea�erented patient appears to be de�nitely unable to walk and needsvisual 
ues to initiating and 
ontrolling any voluntary movement [21, 30℄.Two 
lasses of 
ontrol systems that di�er in the way they use sensory input appear to
ontrol motor fun
tion.1. Feedba
k 
ontrolFeedba
k 
ontrol 
onsists of a 
losed loop between motor 
ommands and sensory in-formation. It is used to exe
ute skilled and a

urately timed movements. It involvesongoing monitoring of the movement in progress by a �
omparator� that mat
hes theINRIA
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tual movement out
ome with the desired out
ome, and makes the ne
essary adjust-ments to any errors or deviations from the expe
ted program. This 
ontrol loop isslow, 
ontinuous, and stops when the desired position is a
hieved.2. Feedforward 
ontrolLike in ma
hines, there exist delays in the human sensorimotor loops. If the pro
essingof sensory information is long with respe
t to the duration of movement, the positionof a given limb will 
hange dramati
ally by the time the feedba
k signal starts toin�uen
e the ongoing motor 
ommand, thus rendering the implemented 
orre
tioninappropriate. Behavioral experiments have shown that the minimum delay neededfor a visual or proprio
eptive signal to in�uen
e an ongoing movement is 80-100ms[114, 164℄ while that for the duration of a hand rea
hing movements is typi
ally 300-700ms [53℄. This has led to the proposal that movements are primarily under pre-programmed 
ontrol and that sensory feedba
k loops exert an in�uen
e only at theend of a traje
tory. Behavioral data suggest that a motor plan is assembled prior tothe onset of movement and is updated 
ontinuously by internal feedba
k loops.The 
on
ept of motor program might be viewed as a set of mus
le 
ommands thatare stru
tured before a movement sequen
e begins, and that allows the entire sequen
eto be 
arried out unin�uen
ed by peripheral feedba
k. Feedforward 
ontrol [53℄ usessensory information prior to the exe
ution of movement, on the basis of an internalrepresentation built up by means of previous experien
e. This type of 
ontrol is usedin the exe
ution of rapid movements and is applied brie�y and intermittently, whenthe planning of a new movement is required.At the spinal level, the feedba
k 
an o

ur through spe
ialized re�ex pathways linkingmus
le sensors and motoneurones. Lo
al re�exes at the limb level, supplied by sensory re-a�erents, are also subje
ted to the in�uen
e of CNS whi
h 
an modify the gains of these
ontrol loops [50, 68, 49, 174, 92, 35℄.As in other vertebrates, there seems to be good eviden
e that the lo
omotor pattern 
anbe generated at the spinal level [69, 59, 134, 57℄. Central pattern generators (CPG)are neural 
ir
uits whi
h 
an generate rhythmi
 a
tivity without rhythmi
 input. CPGs arelo
ated in the spinal 
ord, and distributed in di�erent os
illatory 
enters [93℄. Both theCPG and the re�exes are under the 
ontrol of the brainstem. Pattern generation is basi
allyinnate. In humans, step like movements are present at birth; they are spontaneously initiatedor triggered by peripheral stimuli. A 
entral origin of these movements is implied, as anele
tromyographi
 (EMG) burst pre
eding the a
tual me
hani
al events [78℄. Voluntary
ommands have to intera
t with the spinal lo
omotor generator in order to 
hange, forexample, the dire
tion of gait. For most other rhythmi
 elementary motor behavior, su
has hopping or swimming, CPGs have also been assumed to exist [93℄.3.2.3 Postural 
ontrolPosture 
an be seen as a body position that 
an be maintained for a relatively long time. Itis 
hara
terized by a de�nite set of joint angles [95℄. In the past, the maintenan
e of theseRR n° 5450
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Figure 5: Ankle, hip and step forward postural strategiesjoint angles has been explained by the 
ombined a
tion of re�ex me
hanisms 
ontrolled atthe lowest levels of the CNS. But postural 
ontrol is too 
omplex and 
ontext-dependent torely only on re�exes. All the CNS levels are more likely to be involved in postural 
ontrol.A postural response or postural adjustment 
orresponds to mus
le a
tivations (orany elements of movement) whi
h maintain body alignments despite disturban
es, this isa
hieved via two main essentials: rea
tive and proa
tive me
hanisms.3.2.3.1 Rea
tive me
hanismsRea
tive responses o

ur after an external unexpe
ted disturban
es (feedba
k 
ontrol).They in
lude voluntary movements, mus
le passive sti�ness properties as well as stret
hre�ex loops. Sensory inputs provide information about the nature of the balan
e distur-ban
e and are also used to trigger appropriate automati
 postural responses (�.3.2.2).These rapid responses are evoked as soon as there is a disturban
e applied to a body seg-ment that tends to 
ause disequilibrium or 
hanges in postural orientation. Small and slowdisturban
es translating the CoM in the anteroposterior dire
tion are 
ompensated in mostpeople by swaying the CoM ba
k as a �exible inverted pendulum mainly about the ankles.This stereotyped pattern of mus
le a
tivation is known as ankle strategy (�g.5). Whenresponding to larger or faster displa
ements, an a
tion o

urs at the hip resulting in a
tivetrunk rotation, this response is known as hip strategy (�g.5). Subje
ts may respond witha third strategy, stepping, for very large and/or fast perturbations, or when the goal ofmaintaining a verti
al trunk orientation predominates [146℄ (�g.5).3.2.3.2 Proa
tive me
hanismsProa
tive me
hanisms are eli
ited when predi
table disturban
es o

ur. 1) External pre-di
table disturban
es are often dete
ted by the visual system: informations about environ-ment 
onditions and 
hanges are 
onstantly re
eived trough eyes and interpreted in thelight of experien
e for its impa
t on stability [107℄. The indu
ed adjustments to avoid per-
eived obsta
les or modify step parameters and in
rease alertness in potentially hazardoussituations su
h as slippery surfa
es. These adjustments prevent the need to re
over fromthe stronger for
es that would be imposed by a stumble, slip or trip. Predi
tive 
on-trol evaluates the external environment by 
onsidering the for
es a
ting on the body; it
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omotion in Human and Robots 33maintains intersegmental stability within the body and between the body and the supportsurfa
e. It is dependent upon an a

urate internal representation of the body and a learnedawareness of how any movement or mus
le a
tion will alter these relationships [159℄. 2)Internal disturban
es indu
ed by voluntary movements are anti
ipated by the CNS, whi
hprodu
es 
hanges int he ba
kground a
tivity of postural mus
les: anti
ipated posturaladjustments (APA) whi
h are elaborated in a feedforward manner, 
ompensating at leastpartially for the up
oming perturbation by shifting the CoM in the dire
tion opposite to theperturbation [31℄. The simple fa
t of rea
hing out to grasp an obje
t 
an destabilize balan
eunless pre
ise 
ompensatory a
tion is initiated before the arm is extended. Proa
tive me
h-anisms pre
ede and a

ompany fo
al movements in order to o�set any destabilizing e�e
tsof the voluntary movement in a feedforward manner. Through learning an adaptation, thenervous system anti
ipates the me
hani
al e�e
ts of a voluntary movement and adjusts theamplitude and timing of the a

ompanying postural 
omponent in order to minimize thedisturban
e to balan
e. These patterns of movement a
tivity 
ommen
e prior to voluntaryor fo
al movements: during a arm raising in a standing position, the leg mus
les involvedin postural 
ontrol are a
tivated some 50-100ms prior to the prime mover a
tivation [126℄.The type and magnitude of APA are determined by the dire
tion and speed of fo
al move-ment. The initial response is not based on sensory input but rather on what experien
e hastaught will be the amount and dire
tion of destabilization produ
ed by the fo
al movement.Rea
tive adjustments also a
t to reinfor
e the anti
ipatory postural adjustments; they uti-lize somatosensory and kinestheti
 input to guide the extent and the type of their a
tions,
ompensating for inadequa
ies in APA.The 
apa
ity of 
entral pro
essing region is not in�nite; therefore performan
e is redu
edin se
ondary tasks. Balan
e 
ontrol although performed at an un
ons
ious level is not anautomati
 pro
ess. The level of attention required to maintain postural 
ontrol in a 
hal-lenging position in
reases from sitting to walking. The amount of information pro
essingrequired depends on the 
omplexity of the environment and whether it 
hanges throughoutthe a
tivity. Most environments 
omprise both �xed and varying elements. Many a
tivi-ties depend on the environment for their performan
e. There are tasks in whi
h timing isdire
tly linked to the environment: 
at
hing a ball, stepping onto an es
alator. The tim-ing 
onstraint requires more 
omplex 
al
ulations and predi
tions and further in
reases the
entral pro
essing load. Like environment, 
omplex tasks require more information pro
ess-ing than simple ones. Studies of quiet stan
e have suggested separate postural 
ontrolstrategies for anteroposterior and mediolateral equilibrium [84℄.Small and slow postural sway during quiet stan
e should also be part of the postural 
ontroland might be important to provide updated and appropriate sensory information helpful tostanding balan
e [84℄.
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34 C. Azevedo, B. Amblard, C. Espiau, C. Assaiante3.3 Optimizing the postural tasks3.3.1 Redu
ing of the number of variables to 
ontrolPostural regulation, in parti
ular during human lo
omotion, is a 
omplex skill that raisesthe problem of the many degrees of freedom (DoF) to be 
ontrolled [23℄. The �rst attemptof the CNS is to redu
e the number of DoF to be 
ontrolled simultaneously, in parti
ularwhile walking [136℄. This is obtained by establishing 
lose relationships between thevarious angular movements involved. Thus, the 
entral nervous system presumablysolves the problem of high dimensionality by generating a few fundamental signals, whi
h
ontrol the major mus
le groups in both legs [162℄. The redu
tion of the number of DoF tobe 
ontrolled simultaneously during movement may be ensured by di�erent means, in
lud-ing stable individual sensory-motor typologies and the 
orresponding strategies of segmentalposture [110, 111, 112℄. Current studies are attempting to underline the 
ontrolled variables
orresponding to di�erent tasks [189℄. CoM is generally 
onsidered to be within these
ontrolled variables [217℄. The 
omputational problem of motor planning arises from afundamental property of the motor system: the redu
tion in the degrees of freedom thato

urs during the transition from neural 
ommands through mus
le a
tivation to movementdynami
s.Sin
e exe
ution of voluntary movements is 
losely linked with the 
ontrol of posture, it hasbeen proposed that the desired movement (fo
al 
omponent) and the other one whi
h isrelated to the maintenan
e of posture (postural 
omponent) [22, 23, 126℄. The 
oordina-tion between these two 
omponents has been des
ribed through the 
on
ept of posturalsynergies [23, 5, 201℄ whi
h 
orrespond to 
ombinations of motor 
ommands to a numberof joints leading to a desired 
ommon goal su
h as keeping the CoM proje
tion over thesupport base.3.3.2 Building up 
lassi�ed repertoriesRea
tivity is also linked to the brain ability to build up a dire
tory of postural rea
tions[105, 15℄. There is a 
ontinuum of strategies whereby the standing human 
an maintainbalan
e despite disturban
es. The ankle and hip strategies, presented before, 
onstituteddi�erent ways of rea
hing the same goal, i.e. maintaining the CoM proje
tion position withrespe
t to the feet. A strategy is implemented by a pattern of mus
le a
tivation (synergy)whi
h depends mainly on the body support at the time of the disturban
e. There is probablya dire
tory of synergies providing stable mus
le pattern [157℄ and this set may be used bysensory inputs asso
iated with voluntary movement. This organization would also redu
ethe number of degrees of freedom and simplify the problem of motor 
ontrol in the domainof postural adjustment in line [23℄. It has been suggested that the CNS does not planand 
ontrol strategies by determining ea
h simple variable su
h as joint angulardispla
ements or velo
ity, but by using a topologi
al, or map-like, internal representationof movement in whi
h a whole 
ontinuum of possible, equivalent strategies 
ould a
hieve aparti
ular goal [1, 65℄.
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omotion in Human and Robots 353.3.3 Postural body s
hemeAn important feature in the 
ontrol of human movements is the existen
e of anti
ipatorypostural adjustments (APA). They result in the existen
e of an internal representation ofmovement exe
ution and surroundings. The brain is thus fun
tioning as an anti
ipating ma-
hine able to built up an internal model of its most predi
table environment and to use it fordriving a
tion and predi
ting the 
onsequen
es of the des
ending motor 
ommand [163, 25℄.A spe
i�
 internal representation for posture, that neuros
ientists 
all the postural bodys
heme, has been proposed by Clément et al. [47℄ and Lestienne and Gur�nkel [130℄, on thebasis of experiments 
arried out during spa
e �ights under mi
rogravity. This internal modelof postural orientation in
ludes the representation of body 
on�guration and dynami
s, theper
eption of the borders between the body and extra personal spa
e, the knowledge of sen-sory dynami
s and expe
ted sensory inputs and the formation of task-dependent stationaryreferen
e systems [96℄. Taking into a

ount the biome
hani
al properties of the head, trunkand limbs, this internal representation allows in parti
ular building up a dire
tory of APA.The vast dire
tory of postural representations, and their relationship to environmental andbehavioral 
ontexts, 
an best be understood by supposing that the nervous system integratesall available sensory information into a 
ommon �orientation interpretation 
enter� based onan internal model of the body [127℄.The 
on
ept of the body s
heme is not spe
i�
 to posture, but there is a spe
i�
 internalbody representation for posture [47, 130℄. The very stable body representation may be partlygeneti
ally determined and partly a
quired through learning. It in
ludes a representationof the verti
ality based on the labyrinthine, proprio
eptive and visual inputs and on theper
eption of the longitudinal trunk axis [151℄.Internal models 
an be segregated into two 
ategories, namely forward models and in-verse models. A forward model predi
ts the behavior of the motor system in responseto a 
ommand and allows the CNS to estimate the 
urrent and future state of the e�e
-tors immediately and without peripheral information. The idea behind this 
on
ept is thatthe 
entral nervous system 
an progressively �learn� to estimate the behavior of the motorplan in response to a given 
ommand. By integrating information that is related to initialmovement 
onditions, su
h as motor out�ow and sensory in�ow, the probable position andvelo
ity of the e�e
tor 
an be determined and even predi
ted (note: this indire
t inversionis a te
hnique also used in roboti
s). When a forward model is used to feed an internalfeedba
k loop, 
ontrol performan
e is improved signi�
antly inasmu
h as large delays thatare asso
iated with sensory feedba
k loops 
an be avoided. When required to rea
h a target,a subje
t �rst elaborates a motor plan, based on the initial movement 
onditions (i.e. therespe
tive lo
ations of the hand and target). During the realization of the movement, aforward model of the dynami
s of the arm is generated. In its simplest version, this modelre
eives as input a 
opy of the motor out�ow. Based on this information, the end-point ofthe movement 
an be predi
ted and 
ontinuously 
ompared to the target lo
ation. Forwardmodels are interesting in the 
ontext of feedba
k 
ontrol systems. For instan
e, a forwardmodel 
an produ
e an estimate of the movement end-point lo
ation as output, whi
h 
an be
ompared to the target lo
ation. In the 
ase of a dis
repan
y, a 
orre
tive 
ommand 
an be
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36 C. Azevedo, B. Amblard, C. Espiau, C. Assaiantegenerated. This forward model integrates the sensory in�ow and motor out�ow to evaluatethe 
onsequen
es of the motor 
ommands sent to a limb. The probable position and velo
ityof an e�e
tor should then be estimated with negligible delays and even predi
ted in advan
e,thus making feedba
k strategies possible for fast rea
hing movements for instan
e. Inversemodels take into a

ount the inertial and vis
ous properties of a limb to estimate the motor
ommand that will produ
e the desired displa
ement.3.3.4 Minimization of the energy 
onsumptionAn individual moves in su
h a way he redu
es his total e�ort to a minimum, 
onsistentwith the 
onstraints [161, 185℄. Many studies have been devoted to metaboli
 energy 
ostduring lo
omotion in untrained healthy humans, athletes, as well as in patients with variousmotor diseases [206, 219℄. These previous studies show the parti
ular importan
e of ener-geti
 aspe
ts of movement, that 
on
ern both improving motor performan
e and minimizingfatigue. Energy 
ost may be de�ned as the work done at ea
h step to lift the CoM of thebody, to a

elerate it forward, and to in
rease the me
hani
al energy (sum of both gravita-tional potential and kineti
 energies) [42℄. It 
an be estimated by measuring variations inrespiratory, heart rate, body temperature, pulmonary ventilation and oxygen 
onsumption[2℄. Generating horizontal propulsive for
es 
onstitutes nearly half of the metaboli
 
ost ofnormal walking [90℄. Minimizing this energy 
onsumption per unit distan
e is an importantgoal of lo
omotor development [42, 52℄. It appears that it 
an be saved in many di�erentways [3℄: by adjusting the maximum shortening speeds of mus
les for a given task, adjustingthe moments exerted by the mus
les at di�erent joints to keep the ground for
e in line withthe leg so that mus
les do not work against ea
h other, keeping the leg joints as straight aspossible to minimize mus
le for
e and work requirements... Tendon and other springs 
an beused to store elasti
 strain energy and to return it by elasti
 re
oil [4, 122, 172, 180℄. An im-portant energy-saving me
hanism in walking is the alternate transfer between gravitational-potential energy and kineti
 energy within ea
h stride (as takes pla
e in a pendulum) [43℄.The transformation of both energies during ea
h stride is estimated to 
omprise 50% to 70%of the energy demand in walking at moderate speeds [184℄. The 
ontrol of inter-segmentalkinemati
s phase may be used for limiting the overall energy expenditure with in
reasingwalking speed [128℄. At ea
h speed is used the stride length that minimizes energy 
osts.Step width may also be optimized to minimize the me
hani
al work required for redire
tingthe 
enter of mass velo
ity during the transition between single stan
e phases [62℄.It should be noted that there is no standardization in the e�
ien
y of the strategies adoptedby human walkers to minimize energy expenditure [27℄. This shows the importan
e of indi-vidual history, training or ageing [145, 137℄, whi
h may give rise to various levels of e�
ien
yand ability to save energy.Other aspe
ts than normal walking at steady speed on level ground may also require adap-tation for energy saving, su
h as determining the transition speed between walking andrunning, 
orresponding to the speed at whi
h walking be
omes less e
onomi
al than run-ning [147, 54, 34, 178℄, or su
h as walking on a moving support [102℄ or on surfa
es ofdi�erent sti�nesses [220, 129, 123℄ or slopes [149, 150℄ or 
arrying loads [44℄. INRIA



A Synthesis of Bipedal Lo
omotion in Human and Robots 373.3.5 Minimizing the 
onsequen
es of signal-dependent noiseDespite the existen
e of noise and variability in the motor system the performed movementsare e�
ient [97℄. Joint torques during voluntary a
tivation are a�e
ted by various fa
torssu
h as the a

ura
y of the des
ending motor 
ommands, the number and 
hara
teristi
sof mus
les whi
h 
ross the joint. It has been proposed that movements 
annot be bothfast and a

urate: there is a speed-a

ura
y trade-o� [76℄, and that as the for
e produ
edin
reases, the standard deviation of the for
e in
reases in a linear fashion [187℄. Redu
ingthe 
onsequen
es of signal-dependent noise is therefore a fundamental strategy in humanmotor 
ontrol [99℄.The presen
e of noise in the motor system indu
es ina

ura
y. Di�erent traje
tories from theset of all possible traje
tories that 
an a
hieve a task may have di�erent error distributions.Under the possible solutions, the motor system pi
ks the traje
tory that minimizes the
onsequen
es of signal dependent noise in the relevant task dimension. Use of these is alsoable to a

ount for the stereotyped traje
tories observed in obsta
le avoidan
e movements[97℄. At the for
e level, mus
le a
tivation patterns are redundant, that is more e�
ient thanone mus
le a
tivation pattern 
an be used to a
hieve the same joint torque. Between twosolutions of mus
les a
tivation, the motor system is likely to 
hoose the less noisy [97℄.3.4 Lo
omotor development and training : why and how?Human bipedal lo
omotion is aimed at displa
ing the whole body while ensuring its bal-an
e. It is a 
omplex task, 
onsisting in a 
ompromise between the forward propulsion ofthe body, whi
h is a highly destabilizing for
e, and the need to maintain the lateral andverti
al stability of the body [15, 33℄.A
quisition of equilibrium during human development is a sour
e of information of highimportan
e to understand the CNS. A
quiring a sensory-motor ability during 
hild-hood has a similar progression to the one of learning a new ability in adults. Atthe beginning, movements are dominated by an un
ontrolled dynami
s whi
h leads to a weakpostural stabilization. Then individuals learn to suppress the e�e
ts of passive dynami
sby a mus
ular 
ontrol. They learn to use the dynami
s, inherent to movement, in order toredu
e the amount of a
tive mus
le 
ontrol and metaboli
 energy ne
essary to a
hieve thea
tion [23, 160, 188, 194℄. A

ording to Vaughan [199℄, when a young 
hild takes its �rst fewhalting steps, his or her biome
hani
al strategy is to minimize the risk of falling. A
tually,during the 
ru
ial period of learning of independent walking, and for the subsequent fewyears, the 
hild's CNS will mature in parallel with mus
uloskeletal growth. Subsequently,the various 
omponents of human lo
omotor behaviors whi
h have to be a
quired duringontogenesis take a long time to be trained before being ideally a
hieved. This long periodof development is presumably due not only to the progressive growth of the human biome-
hani
al system and the maturation of the 
entral nervous system, but also to the buildingup of motor strategies that over
ome purely biome
hani
al 
onstraints of os
illating systemsand are aimed at smoothing movements and saving energy expenditure. Indeed,the des
ending organization of the segmental movement all along the spine during adult
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38 C. Azevedo, B. Amblard, C. Espiau, C. Assaiantelo
omotion 
annot be purely due to biome
hani
s, but rather to anti
ipate lo
omotor dis-equilibrium. Similarly, the angular head stabilization in spa
e while walking, on whi
h thedes
ending (anti
ipatory) organization of equilibrium 
ontrol seems to be based, does notobey simple biome
hani
al laws, but is aimed at 
onstituting an appropriately built spatialframe of referen
e to exe
ute 
orre
tions of imbalan
e thanks to visual and vestibular errorsignals [16, 15℄. Another feature that 
annot be explained simply by biome
hani
al reasonsis the anti
ipatory 
ontrol of the verti
al traje
tory of the CoM (verti
al equilibrium) at heel
onta
t. All these strategies 
annot be simply innate, due to interindividual di�eren
es insize and weight and their variations with age, whi
h would not be the 
ase in robots. They
onstitute in adults a redundant dire
tory of motor strategies, from the simplest tothe most sophisti
ated one, allowing adaptation to 
hanges in external 
ontext or in thesubje
t's abilities due to normal aging or pathologi
al de�
its. In the last 
ase, a regressionfrom the most elaborate and e�
ient strategies to the simplest ones resembling to thoseadopted by young 
hildren 
an often be observed [15, 79℄.In terms of equilibrium and strategies of segmental stabilization, several steps 
an be dis-tinguished in the development of human lo
omotion [15℄. At the very beginning of theautonomous lo
omotion, toddlers use to walk with their feet largely apart, a simple strategywhi
h enlarges the supporting surfa
e and fa
ilitate equilibrium 
ontrol. It is only sin
e theage of three years that they be
ome able to walk on a narrow surfa
e, namely with theirfeet in front one of another [15℄. As regards the angular stabilization of body segments, thepelvis stabilization in spa
e appears from the �rst week of autonomous walking and 
learlypre
edes those of the shoulder (two months after the beginning of autonomous walking)and of the head, whi
h does not e�
iently appear before 4 years during ground lo
omo-tion [16, 17℄. The early pelvis stabilization in spa
e is presumably aimed at minimizingthe lateral movements of the 
enter of mass and avoiding fall of the hip towards the swingleg, and this strategy seems to be a prerequisite for autonomous walking in toddlers. Atthat time, lo
omotor balan
e 
ontrol is organized temporally in an as
ending fashion, fromhip to head. Moreover, an anti
ipatory a
tivity at the hip level with respe
t to the feetmovements suggests a hip-
entered organization : as
ending (bottom-up) from hip to headand des
ending (top-down) from hip to foot [16, 17℄. From the age of 7 onwards, 
hildrenbe
ome able to progressively adopt and master the strategy of head stabilization in spa
earound the three main axes in response to an in
rease in the level of dynami
 equilibriumdi�
ulty su
h as walking over a straight line or on a narrow beam [16℄. Lastly in adulthood,the head stabilization in spa
e is 
ommonly adopted but spe
i�
ally involves the roll 
om-ponent, presumably for e
onomy and to prote
t against visual instability and subsequentvisual blurring due to the eye's limited ability to roll to 
ompensating for head os
illations[91℄. This strategy is then systemati
ally asso
iated with a pure des
ending organizationof the spine movements [16, 195, 173, 156℄.
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A Synthesis of Bipedal Lo
omotion in Human and Robots 394 Con
lusionOur attempt in this paper was to propose a synthesis of the problem of 
ontrolling bipedallo
omotion in humans and robots.A main di�eren
e between biped robots and human is the redundan
y. Regarding bodystru
ture and a
tuation, robots are usually provided with the minimum number of elementswhi
h are theoreti
ally required to ensure standing and walking. Humans are highly more
omplex than any existing robot: three hundred degrees of freedom insure redundan
y in the
hoi
e of possible postures for a same task. Basi
 lo
omotion 
an be a
hieved through the�fteen degrees of freedom, whi
h are, at best, available in biped robots [186℄. The availablemargins to realize one task and to exe
ute several movements at the same time are there-fore limited. But redundan
y is also a property of human sensors: information en
oded byea
h sensor is unique, and ea
h 
lass of re
eptor operates optimally within a spe
i�
 rangeof frequen
y and amplitude of body motion, allowing for solving ambiguities [140℄. Theanti
ipation ability is highly linked to the sensors properties of measuring rapid variations(derivatives).If brain 
annot be dire
tly 
ompared to a 
omputer, they both play the role of a real-time 
ontroller. Some 
on
epts like hierar
hi
al and de
entralized ar
hite
tures, multi-task,multi-
lo
k, parallelism, multi-sensor fusion 
an be 
ommon ones to exploit in both neuro-s
ien
e and roboti
s.Human are subje
ted to 
onstraints similar to those of ma
hines: transmission delays, un-perfe
t measurements, 
omputation power limitation... If delayed or in
omplete sensoryinformation is detrimental for most roboti
 systems, animal motor behavior 
an be surpris-ingly a

urate during similar 
onditions.Considering the 
omplexity of the body and the time delays imposed to human CNS, it isobvious that the brain makes some assumptions on the system state using simpli�ed modeland 
on
entrating on the 
ontrol of a redu
ed number of variables [189℄. Resear
hes in the�eld of dynami
 modeling of me
hani
al systems submitted to 
onta
ts and impa
ts allowto simulate more and more pre
isely the robots. The 
omplexity of these models is verytime 
onsuming in a real-time resolution obje
tive. Embedded models have to allow a goodestimation of the reality taking into a

ount only the essential aspe
ts oriented to the goal,in order to limit the 
omputation delays.Roboti
s provides a theoreti
al framework to formalize the problem of biped 
ontrol. Con-
epts like postural 
ontrol 
an be expressed into a mathemati
al de�nition (se
tion 2) al-lowing therefore to work in a pre
ise 
ontext instead of an intuitive one.We believe that bringing together roboti
s and neuros
ien
e around the problemati
 of bipedsystem 
ontrol 
ould be of bene�t for both dis
iplines.
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