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Abstract—We propose a generalized framework together solve, for example, the non-gaited dexterous manipulation
with an algorithm to plan a discrete sequence of multi-contact problem, some example approaches of which can be found
stances that brings a set of collaborating robots and manipu- in the past few years’ literature [10], [11], [12], [13]. A
lated objects from a specified initial configuration to a desired iqinal ibution i | ’h ' ! | -
goal through non-gaited acyclic contacts with their environment more original contri ut_lon IS to solve _t e cpntact; plagnin
or among each other. The broad range of applications of Problem for collaborative robots manipulating objects]{14
this generic algorithm includes legged locomotion planning, The needed synchronization of contacts planning for the co-
whole-body manipulation planning, dexterous manipulation gperative carrying of a heavy object by two humanoid robots
planning, as well as any multi-contact-based motion planning 5 5ne example of the results of the planner. Additionalyy, b

problem that might combine several of these sub-problems. We ifving | fi d inulati the ol |
demonstrate the versatility of our planner through example unifying locomotion and manipulation, the planner can also

scenarios taken from the aforementioned classes of problems SOIve contact planning problems for situations interlegvi
in virtual environments. both, which can prove useful for platforms such as humanoid
robots that are designed to execute both locomotion and
. INTRODUCTION manipulation tasks.
Recent works [1], [2] started tackling the acyclic motion
planning problem for humanoid and/or legged robots taking These contributions (extension to multiple agents, gen-
a contacts-before-motioplanning approach. The approacheralization to any robotic platform, and non-decoupling of
is based on planning a feasible sequence of stances fromlagomotion and manipulation) are made possible thanks to
initial configuration to a goal configuration, before plampi a formulation of the problem that reaches a higher level
the subsequent continuous motion that goes through thi$ abstraction, necessary in order to achieve the desired
planned sequence of stances. This paper is concerned ogBneralization. It allows us to make the extensions listed
with the first part of the problem, i.e. the discrete stanceabove with little rewriting effort of the existing algoriths.
sequence planning sub-problem. Such a decoupling scheineother words, the algorithms here are the same as their
of the two components of the problem, though less theoretiriginal form [1], [2]; by generalizing the formalism andeth
cally founded in terms of completeness than the interleavdthmework, we extend their capabilities to a wider range of
approach ofmulti-modal planning3], enables us to reduce applications. This is our main contribution.
the complexity of the problem and yet still manages to solve
highly constrained situations as demonstrated on practica However, we emphasize once again that addressing the
real-life humanoid robot experiments [4], [5], [6]. continuous motion generation problem is beyond the scope
The core algorithm we are using here was first introduceaf this paper. In our previous approaches [4], [5], [6],
in the works of Escande et al. [4]. In its most reduced fornthe stances planning and continuous motion planning are
it is a Best-First Planning(BFP) algorithm [7], [8] that two independent stages of a global planning framework.
explores the continuum of the workspace for finding besthey are addressed as independent problems. This decoupled
contact locations, as opposed to the main other method figpproach is justified by the experimental validation presgn
introduced in the works of Hauser et al. [9] requiring priorin our previous works [4], [5], [6]. Moreover, a quantitagiv
discretization of possible contact locations on the emviro analysis of completeness and global optimality issues of
ment. A major drawback of this latter approach resides in thidde proposed algorithms is also beyond the scope of the
difficult trade-off between the possible combinatoriaiss paper. Since no fundamental algorithmic contributions are
that would be raised by too many pre-discretized locationdrought along with our generalization process, these algo-
versus the possible misses of solutions induced by too fetithmic issues/characteristics are no different from thes
pre-discretized locations. encountered in the original works [1], [2] to which we refer
In this paper we build on this BFP-based algorithm anthe interested reader.
propose a novel framework that makes it possible, with one
unique planner, to solve different classes of robotics actst The rest of this paper is organized as follows. We first
planning problems, beyond the initially targeted “leggedgropose a formulation of the problem using the language
locomotion for a single robot” problem. Such a planner caand formalism of basic set theory (Section II). We then write
A X our algorithm in this synthetic language and compare it with
The aut i - i i icti i
Laboraton) OGSI\MSSE/C;’{V%*‘ A?s’\'lr?s b ;RLJa é;cr’]';”t _Robotics the other existing method (Section IIl). Last we demonetrat
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II. PRELIMINARY NOTATIONS AND DEFINITIONS 0 (0]
In this section we will introduce the set-theoretic for-

malism that will make the extensions and the locomotion e e . e e a Q e

manipulation unification process easier to write. The alostr
tion effort invested in this section will later be rewarded i
the algorithms writing section (Section I11). It will allows to 6 0 e e e
write the algorithms in a very generic, synthetic, and rigmr
style. It might be useful to recall beforehand that, withiist
formalism, for any two setsl and B, p : A — B denotes @ e a e 9
a mapping fromA to B, &(A) denotes the power set of
(set of subsets oft), card(A) the cardinality of4, and for 0 O
any two subsetst’ € #(A) and B’ € #(B), p(A’) and  Fig. 1. Examples of the 4 types of kinematic trees yielding guition
p_l (B’) denote respectively the direct and inverse images epace. Top left: a humanoid robot. Top right: a dexterous hBttom left:
A’ and B’ under the mapping. We use the symbolt; \A2 the en.vwonme_nt. Bottom right: a manipulated object. In recedibase. In
. green: free-flying base. A system of robots consists of aitrarp number

to denote the difference of two subsets, A, € Z(A). of any of those 4 types of kinematics trees.

So let us suppose we have a system\ofobots indexed
in the set{l,...,N}. A “robot” here is either a fully-
or under-actuated articulated mechanism or a non-actuatggint o,s belongs to the surface, the vecter, is the
manipulated object. The environment can also be considergflvards normal to the surface, and the vectats,, 7, .
as a special case of “robot”, indexed withThus the index are tangential to the surface. More general (i.e. non-pjana
set{0,..., N} contains all the articulated mechanisms, th@urface patches can be handled by consideniagnalized
manipulated objects, and the environment. Gauss frame§15].

_Each robotr € {0,...,N} can be represented as a A contact is given by the specification of the two surfaces
kinematic tree made df, bodies (nodes of the tree) indexedin contact(ry, s1) and (rz, s2) (i.e. a 4-tuple(ry, s1, 2, 52))

in {0,..., b, —1}, linked by j, actuated joints (edges of the a5 well as their relative position/orientatidm, y, §). More
tree) indexed in{1,...,j,} (or @ if j. = 0). See Fig. 1. precision is found in the following definition:
e b, =1andj,. = 0 if r refers to the environment or to
a manipulated object. Definition 1 (contact, set of contacts Ei contactis a
« The index0 in the set{0, ..., b, — 1} refers to the root 7-tuple (ry, 51,72, 52, x,v,6), such thatr; € {1,...,N},
body of the kinematic tree representing the robot ro € {0,...,N}, ro < ry, s1 € {1,...,mp}, 52 €
The configurationy of the system is an element @&f =  {1,...,m,,}, so <s1if 7y =1y, b, #b,, if r1 =719,
]'[f,\’:1 %., the Cartesian product of the configuration spaceand (z,y,0) € R? x S'. We define theset of contactsZ as
of the individual robots of the system. Hence the subset oN* x R? x S' made of such 7-tuples.
¢= (g, an), Remark 1:We can notice that this very generic definition
where, forr € {1,..., N}, only excludes environment-environment contaets £ 0),

o & = (Tr Uy 2ry Qs By Yo Oy Optyee oy 0rj)), 0F 7 all other contact situations are possible, including a acint
refers to a free-base articulated mechanism such asPgtween two different bodies of the same robot (case-
humanoid robot for example, the first seven components)- The ordering imposed ofr1,r2) and on(sy, sz) if r1 =
representing the 3D position and the unit quaternior2 iS required to avoid representing twice the same contact
parametrized orientation of its root body indexed(by Situation.

o ¢ = (TryYr, 2r, Q. Bry Ve, 0r), If r refers to a rigid

non-articulated manipulated object. A contact (ry,s1,72,52, x,y,0) geometrically corre-
o ¢ =(0r1,...,0,5 ), if r refers to a fixed-base manip- sponds to setting

ulator such as the finger of a multi-fingered dexterous .

hand for example. Zr s (@) = —Zr3,55(4) 5 1)
o ¢, is not defined forr = 0 (the environment). It could 7,5, (q) = cos(0)Zr, s,(q) +sin(0)r, 5,(q),  (2)

be if we were considering deformable environment for 7 (¢) = sin(0)7,, +,(q) — cos(0)Fr s, (), (3)

example.

On each robot € {0, ..., N} we further specify a set of
m, planar surface patches indexed{ih,...,m,}. A pair We call these equations theontact equationsThey are
(r,s) € {0,...,N} x {1,...,m,}, which characterizes the illustrated in Fig. 2. Once again, for simplicity these are
surface, refers to an eleme(#. ., 7. ) of {0,...,b. —1} x  restricted to the planar surfaces case; for surfaces mobdele
SE(3), whereb; . denotes the body to which the surfaceas manifolds, the more general contact equations [15] ehoul
(r,s) is rigidly attached andl}.; = (o,s,%r s, ¥rs, 2rs) D€ considered (see Section IV for our practical handling of
denotes a frame attached to the bdgy,, such that the non-planar surfaces).

(
Ory,s1 (q) = Ory,50(q) + T Ty s, (@) +y Ura,s2 (9. @



Ura,ss Definition 3 (adjacency):Two stancesr; ando, are said
to be adjacentif oy C o2 or 05 C 0. Given a stancer
we define the three followingdjacency setsAdj™ (o) the
set of stances that add one contacttdAdj™ (o) the set of
stances that remove one contact fremmand Adj(o) the set
of stances that are adjacentstdadd or remove one contact).
Formally:

Adjt(oc) = {deX|oCd'},
Adj (o) = {d'eX|d Co},
Adj(c) = AdjT(e)UAdj (o).

Fig. 2. Geometric illustration of a contalt1, s1,r2, s2, z,y,0).

A step in the plan will be a transition from one stance to an
adjacent stance. Such a step will be feasible if there eaists
common transition configuration that realizes both staates
the same time, i.e. if the intersection of the respectiveifda
spaces of the two stances is non-empty. This motivates the
following definition:

On N* x R? x S! we consider the projection mapy :
(r1,81,7r2,82, ©,y,0) — (r1,s1,72,82) which keeps only
the first4 components of th&-tuple. py« maps a contact to
the pair of surfaces that constitute that contact.

Definition 2 (stance, set of stancE3: A stanceo is a
subset of the set of contadissuch that every pair of surfaces
appears at most once. The set of all stances is denoted

Definition 4 (feasible sequence of stance8): sequence
of stancegoy,...,0,) € ¥", n > 2, is said to bdeasibleif
it is made of a succession of adjacent stances with common

v — {0_ c @(E) | Vei,cp €0 transition configurations between two successive stances

C1 7£CQ :>pN4(Cl)7épN4(Cg)}. V’L.G{l,...7n71} Oi+1 EAdJ(Uz) andjaimyni_H #@
Remark 2:A stances is necessarily a finite subset &F, We can now formulate the problem we want to solve:
given that ) .
Problem 1 (non-gaited stances planning problem):
card(o) < card(pys(E)) < N(N +1)( max m,)?. Given two stancewgiare and og0u in X, find a feasible

o,...,.N
re{0.....N} sequence of stancés,...,o,) such thato; = oy and

Every configuration of the system of robots defines &, = ogoal.

unique stance made of all the contacts for the robots in
that configuration. Let us then denope, : ¥ — X the The ability to solve Problem 1 rather than cyclic gaited
“forward kinematics” mapping that maps every configurasteps planning problems makes the robots more autonomous
tion ¢ to its stances. Inversely, each stance defines an in handling unexpectedly structured environment. Notey-ho
“inverse kinematics” submanifold?, of the configuration ever, that in many simple cases, gaited sequences emerge
space containing all the configurations that satisfy theéaszin automatically (“naturally”) in our results from solving éty-
equations (1), (2), (3), and (4) for all the contacts in théem 1 (cf. Section IV).
stance,

2, = pgl({g}> . Remark 3:We can also specify the goal to reach in terms

of a configurationg,.. rather than a stanceg..i. In this

On this submanifold we isolate a special subspace of sarggse we get the same formulation as Problem 1 whgrg

dimensionality but less volumeZ, in which the configu- simply denotesps;(ggoat). These are actually the kind of
rations are physically valid static configurations (i.enco queries we are addressing in Section IV.

figurations that are in static equilibrium, collision-frefer

which the joint angles and torques are within their presetib  Solving Problem 1 in a greedy algorithmic way amounts

bounds). to exploring Adj(o) for a giveno, choosings’ € Adj(o),
The planning we will perform will be made on the set offinding a configuratiory in .%, N.%,. to validate the choice

stancesy, rather than on the configuration spaceas it is  of ¢/, and iterating onv’. Let us then analyse more closely

the case in usual motion planning. We thus need to definge structure ofAdj(o) for a giveno e X. First, we should

an adjacency relation between stances. Two stances will p&vrite constructive expressions of the adjacency semFr
considered adjacent if they differ by exactly one contaot. TDefinition 3 it follows that

formalize this we define the binary relation “have one contac .
less than”, that we denote, as AdjT (o) = {0 Uict | c€pmw (PN4 (E) \ ps (C’)> }v

{a\{c}|c€cr}.

o1 C oy if o1 Cog andcard(oy) = card(oy) + 1. Adj™ (o)
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The removing-one-contact sétdj (o) is thereby a finite Fig. 4. Transfer and transit paths for a biped feasible setpief stances.
set, with Card(Adj_(a'>) = Card(a’)_ The adding-one- In green transfer paths, in red transit paths. The top figepeesents the

contact SetAdj+(o), however, needs to be more ﬁnelyfootprints inE_ (rig_ht foot in t_JIue, left foot in bla_ck), the bottom figure is
. a representation if¢” (for clarity 2.y N 2Z¢.,, is not represented).

structured. When adding a contdet, s1, 72, s2,,y,0), we

first choose the two surfacds:, s1) and (r2, s2) that we

want to add as a contact, then we decide what their relative

position/orientatior(x, y, #) will be. A nice way to formalize letq € 2,0, NFsn0r. This implies thay belongs ta2, .,

this is through equivalence classes. Let us definddjt (o) and is a physically valid static configuration, hengec

the following equivalence relation For and subsequently € F, g N Foigr = Fo O For

Proof: #,N.%, C 2,05 NFsno iS trivial. Inversely,

01 ~g 09 if

o1 =oU{ci} andoy = oU{ea} andpya(er) = pra(cz) - Corollary 1: Let ¢ € ¥ and cl,(ri,s1,72,52) €

This equivalence relation only makes distinction betwéen t Adj (0)/~, - Then we have
surface pairs in the added contacts with no consideration

for the positions(z,y,0). The quotient setAdj* (o)., Fo 0 ( U FoU{ (11,50, 79552,0,5.0)}) =

containing all the possible surface pairs that we can add to (z,y.,0)

the stance, is in canonical bijection with(E) \ pne (o), Fa 0 ( U 2,01 )
o o T1,81,72,82,Z,Y, :

i.e. the set of surface pairs that are not already presehkin t
stance. So for eachtuple (ry, 51,72, 52) € pna(E) \pna(0)
we denotecl, (r1, 1,72, s2) the corresponding equivalence
class, which contains all the possible positidnsy, #) when
we want to add the surface pdir, s1,72, s2) as a contact
(this equivalence class is thus homeomorphi®tox S*)

(z,9,9)
The role of Proposition 1 is to release redundant con-
straints in Definition 4, while Corollary 1 will prove useful
later in the course of this paper (Section IlI-B).

Remark 4:In some works [16], [10], [17] a path through
F, fromq € F,t0q¢ € F, N2, for o' € Adjt (o)
would be called aransit path and a path througt#, from
{UU {(r1,s1,72,82,2,9,0)} | (2,9.0) € R? x Sl}- q € F,t0¢ € 2,NZF, for o/ € Adj (o) is called a

We now have all the ingredients to write an algorithm tha&ransfer path(cf. Fig. 4).
tries to solve Problem 1: exploringdj™ (o) is straightfor-
ward; for Adj* (o), the algorithm explores every equivalence
class fromAdj* (o), by solving an optimization problem
on (z,y,6). Our objective now is to solve Problem 1 formulated in

Before concluding this section, we will state a last usefupection II.
property related to feasible transitions between two adtjac
stances. For two adjacent staneesnd ¢/, a configuration
in %, N %, is a configuration that realizes the geometric In this section we discuss the approach proposed in the
closure condition for the larger stance of the tw8,(,,») works of Hauser et al. and see how it fits in our generalized
and the feasibility condition for the smaller stance of thdormalism for multiple agents. This approach is based on
two (%,n.7). We can formalize this through the following prior discretization ofE. Let Eg,it be a finite subset oF
property, illustrated in Fig. 3: containing the start and goal stances,

cly(r1,581,72,52) =

Ill. ALGORITHM

A. The Discrete Approach

Proposition 1:Let ¢ € ¥ and o’ € Adj(c). Then we (@start U goal) C Efinite C B, card(Efinite) < 00

have —_r
Let Xgnite be the restriction o to Fgpite,
gamyd’:c@crug/myaﬂa’« e e

Zﬁnite = {U ex | o C Eﬁnite} .



Yanite IS @ finite set endowed with a finite undirectedthe exploration graph (lines 11 and 12) and all the transitio
graph structure defined by the adjacency relation, as can fsem this adjacent stances (i.e. the stances that are adj@ce
seen through the following constructions (“Trans” starmls f the adjacent stance) that are not already present in theequeu

transitions[2])
Adjﬁnite(a) = AdJ(U> N Zﬁnite 5
TI‘&I’IS(O’) = {J} X Adjﬁnite (J) ’
g = U Trans(o)
0 EZfinite

= {(o1,09) € E%nite | oy Cog0roa C oy}

are enqueued for future exploration (lines 13 to 15). In case
of failure to sample a transition configuration, the conside
pair is penalised by augmenting its cost and re-enqueued int
Q (lines 16 and 17). As the exploration progresses and no
solution is found, more time will be allocated to sampling
reluctant transitions.

In the worst case, this algorithm will end up exploring
all the stances in the connected componentX¥,;i.,¥)

These constructions give us the finite graph structure tleat veontainingo.... However, if no solution is found then this

wanted (Xgpite, ).

does not necessarily mean that Problem 1 does not have

Hauser’s algorithm explores this graph by growing & solution, but it could also be due to the fact that the

connected sub-grapli?’, &), ¥ C Zgnite, & C ¥, and
maintaining a priority queu& C ¢ xR. Let f : Ygpite — R

discretization performed by choosifg; ;i might not have
been fine enough. This problem is not encountered in our

be a cost function on the stances, this cost function is basptbposed algorithm that we detail hereunder.
on different heuristics such as the distance to goal, the

distance to reference configurations, and the robustness Byt
the static equilibrium. Algorithm 1 gives the outline of the

The Continuous Approach
In this approach we do not need to discretfizeWe grow

planner (theexpansiorphase of the multi-modal planner [2]). a tree (¥, &), ¥ C ¥, & C %2, and we maintain on it a

py Y x R — ¢ denotes the canonical projection &h

Algorithm 1 FIND_SEQUENCE OF_STANCES(0start, Tgoal)

1 /V — {Ustart}

E— o

Q<+ o

: for all (ostart, 0’) € Trans(ostart) dO
Q QU {(0utarts o', f(0))}

end for

repeat
(Ocurrent, Tadjacent s ¢) < Q.POP_LOWEST.COST()
adjacent < SAMPLE_RANDOM(.Z,

current 10 adjacent

Qacurrent UG adjacent )

10:  if gadjacent 7 NULL then

11: VYU {Uadjaccnt}

12: E+— & U {(Ucurren‘m Uadjacent)}

13: for all (Uadjacentaa/) € Trans(aadjacent) \p%(Q)
do

14: Q + QU {(0adjacent, 0, f(0”))}

15: end for

16: else

17: Q — Q U {(Ucurrent> Oadjacent, C +
COST.INCREMENT)}

18:  end if

19: until ogoa1 € ¥ or c.1S_OUT_OF_RANGE()

. ) .17
Starting fromoyg,,y the algorithm enqueues all the dis-

cretized stances that are adjacentot@.,; (lines 1 to 5),

priority queue@ C X xR. Let f : ¥ — R be a cost function
on the configuration space. Algorithm 2 gives the outline of
the planner, where andé are two positive parameters, and
DISTANCE is a heuristic “metric” on>.

Algorithm 2 FIND_SEQUENCE.OF_STANCES(Gstart, Ogoal)

1: gstart < FIND_BEST_-CONFIG(Z,,..,)
2: 4// — {Ustart}

34— O

4 Q <~ {(Ustart7 f(QStart))}

5: repeat

6:  (Ocurrent; ¢) < Q.POP_.LOWEST.COST.STANCE()

7. for all gagjacent € Adj™ (Tcurrent) dO

8: Gadjacent <  FIND_BEST-CONFIG(Z,.,.....
jo'adjacent

9: if gadjacent 7 NULL and DISTANCE(0adjacent, ¥) >
e then

10: V=7 U {Jadjacent}

11: &+ &U {(Ucurrenty Uadjacent)}

12: Q — Q U {(Uadjacenta f(Qadjacent))}

13: end if

14: end for

15 for all Cloouirent (T15 51, T2, $2) €

Ad.]+ (Ucurrent)/N,7curreut dO
16: Gadjacent F|ND,BEST,C0NF|G(£¢‘amrent N

(U(x,y,Q)E]RZXSl Qacurrentu{(rl751;7'27827-7;71/79)})
Oadjacent < Px ((Iadjacent)

if gadjacent 7 NULL and DISTANCE(Gadjacent, ') >
e then

indifferently adding or removing a contact since they ate al
in finite number. Then it enters the main search loop (lines 45
to 19): first dequeuing the “most promising” pair of stance
made of the currently explored stance along with one of. .
its adjacent sftances (line 8), and tries to sgmple)a feasib % end for

transition configuration using Proposition 1 (line 9). Irsea _ . ; _
of success (lines 10 to 15), the adjacent stance is added 46 until DISTANCE(7goar, ') < 8 o1 @ = &

VYU {Uadjacent}
&+ EU {(Ucurrenta Uadjacent)}

Q — Q U {(Uadjaccnta f(Qadjaccnt))}

end if




First, the algorithm enqueues;..; (lines 1 to 4). Then it
enters the main search loop (lines 5 to 24), which consis E - g- %-
once again in dequeuing the “most promising” stance (lin
6), and exploring the adjacent stances. This exploration
split into two stages: the adjacent stances by removing & L L
contact (lines 7 to 14) and the adjacent stances by addi
a contact (lines 15 to 23). The former adjacent stances & &
in finite number and for each of them the algorithm tries t(L & L
sample a feasible transition configuration (line 8). In cafse
success, the adjacent stance, if not already in the exjaorat ; 5
graph, is added to this exploration graph and enqueueds(lin L
9 to 13). The latter adjacent stances are explored via th
equivalence classes, meaning that the algorithm picks 1
a pair of surfaces not already in the currently explore: A A

stance (line 15), and for every such pair it tries to find

transition configuration while simultaneously looking tbe  Fig. 5. Biped locomotion over iregular terrain. Coulomb tida allows

best relative position for the pair of surfaces (line 16)pmp the robot not to slip. The friction coefficient is set go= 1.

sucess the pair of surfaces is completed as a contact with the

found relative position and added to the current stance (lin _ » o _

17) to form the adjacent stance that will be enqueued arf¥hereA, Bi, By are symmetric positive semi-definite matri-

added the exploration graph if not already present (lines 1S @Nig0a1 iS €ither a configuration fron¥,,,, or an inter-

to 22). mediate milestone fromguide pathgiven by a collision-free
The main added value of Algorithm 2 with regard toPath pla_mner dgtailed in our previously pul_alished work [19]

Algorithm 1 lies in line 16. Indeed, both Algs. 1 and 2 rely Algorithm 2 is a best-first search algorithm. As such, it

on aninverse stance solvehat returns configurations from IS @ greedy algorithm that suffers from the local minima
3 types of queries: problem. To avoid this, many heuristics can be added to

the algorithmic blueprint defined by Algorithm 2 [1], [4],
tvoe 2 queries are made on spaces of the fGnm.Z [5], [19]. However, anecdotally, such problems were not
« pe-q P M-S encountered in the runs of the planner that we made in

/ . o
whereo’ € AC.U (o) (cf. Proposition 1), the experiments of Section IV. Although completeness and

o type 3 queries are made on spaces of the form A .
P global optimality issues are not tackled in our work, the
Fe N (U(ac,yﬁ) QUU{(Tlel»7'27527-"«',1/79)}) where

analysis here being only qualitative, the proposed algarit
o+

clo(r1, 51,72, 52) € Adj" (0) /., (cf. Corollary 1). proved to be practically efficient in solving the queries of
In Algorithm 1 this inverse stance solver is called throughsection 1V.

SaAMPLE_RANDOM and is based thdterative Constraint

Enforcementmethod described in [9]. In Algorithm 2 the IV. RESULTS

solver is called through IND_BEST_.CONFIG. It is based In this section we show results obtained by applying the
on a “black-box” non-linear optimization solver, detailedgeneric algorithm Algorithm 2 to different classes of prob-
in [18]. While type 2 queries are answered by both solverdems, cf. Figs. 5, 6, 7, 8, and 9. In all these figures, for the
processing type 3 queries is a specificity of our solver, twhic computed solution sequence of stances,...,o,) € X"

for o € ¥ andcl,(r1, 1,72, 52) € Adj*(o)/wﬁ, solves the of the considered problem, we display a sample subsequence

« type 1 queries are made on spaces of the fofp,

following optimization problem of a sequence of configuration(g,...,q,) € €™ such
. bi(g) that ¢} € %,, andVi € {2,...,n} ¢} € F;, N Fy, ,.
q,{?};}g)o N It is very important to emphasize here that the pictures are

not snapshots of a continuous motion. They are not merely

representative of the result, they are the result. So it is

important to keep this in mind in order not to over-estimate
4 € LoU(r1,51,r2,52,5,9,0) » the results presented here.

wherepgs s : € — R2 x S! is the “forward kinematics” In these scenarios we used three robots models:

mapping which inverts fofz, y, 6) the contact equations (2), ¢ & model of the HRP-2 humanoid robot [20] appearing

(33, y,&) = PR2 xSt (Q)
subject to< ¢ € %,

(3), and (4). The objective function to minimiz®j(q) takes in Figs. 5, 7, 8, and 9,
the form « rigid objects: the ball of Fig. 6, the table of Fig. 7, and
the box of Fig. 8,
0bj(q) = (¢ — qgoal) T A (¢ — qgon) « fixed-base manipulators: the four fingers of Fig. 6.

Surface patches on the robots have been chosen as follows:

T « one surface per foot of the HRP-2 robot in all the
+(0r3,52 (€)= 0rg,52 (qgoa1))” B2 (0r,52 (€)= 0rs 52 (qg0a1)) scenarios, one surface per hand in Figs. 7, 8, and 9,

T
+ (07-1,31 (q) — Ory,s1 (ngal)) B (On,sl(q) - 071751(‘1310&1))



Fig. 6. Dexterous manipulation. The objective is to rotate &kg ball

Fig. 7. Collaborative manipulation. Here we use an improvesioa of
Algorithm 2 as contacts between the hands of the robots amdaindles
of the table are required not to be broken during the planrasgspecified
at problem-instantiation-time by the user.

Fig. 8. Combined whole-body manipulation and locomotion. Thiective

is for the HRP-2 robot to advanc2m forward while simultaneously

upside down. The fingers aeDOF elbow-like manipulators with wrist-

like end-effectors. The friction coefficients between the-effectors of the
fingers and the ball are set to= 1. No limits are considered on the torques
delivered by the actuators in the fingers.

ig. 9. Bilateral contacts on monkey bars. This example iaiss the
necessity of use of bilateral contacts to solve the planpimmdplem.

one surface per planar piece of the ground in all the
scenarios,

one surface per face of the cube in Fig. 8,

one surface per handle of the table in Fig. 7,

one surface per monkey bar in Fig. 9,

one surface per fingertip in Fig. 6,

20 regularly distributed planar surfaces tangent to the
ball in Fig. 6. Every such plane approximates the

spherical surface around the tangent point. Contacts
yielded on this tangent planes are then projected back
onto the spherical surface.

In the modeling of the feasible spacés, we considered

the following constraints [18]:

static equilibrium for all the underactuated free-base
robots (including objects) considered as individual sys-
tems, under the action of external contact forces, gravity
force, and actuation torques,

Newton'’s third law for all the internal contact forces on
the system of robots and objects considered as a whole,
Coulomb friction model for the unilateral contact forces
(all the forces except the ones listed in the next item),
fixed grasp model for the bilateral contact forces: the
contacts between the hands of the robots and the handles
of the table in Fig. 7, and between the hands of the robot
and the monkey bars in Fig. 9,

joint angles limits for all the joints of the poly-
articulated mechanisms (HRP-2 and the multi-fingered
hand),

bounds on the torques of all the actuators in HRP-2,
except for the wrist actuators.

However, collision avoidance constraints have not yet been

performing half rotation of thé kg box, bringing the purple face up. Friction taken into account in our current implementation of the

coefficients between the hands and the box are spttol.

feasible spaces. This did not affect the scenarios that we



TABLE |
EXPERIMENTAL RESULTS

static stances with no kinematics or dynamics considaratio

These are our current subjects of research.

Fig. 5 Fig. 6 Fig. 7 Fig. 8 Fig. 9
N (robots) 1 5 3 2 1
dim(%) 46 30 98 52 46
Num. of steps 32 17 26 24 33
Size of the tree 51 846 47 144 91
Comp. time (s) 133 830 318 230 750

have chosen on purpose, but we are currently working oh™!
integrating these constraints in our inverse stance solver
Note also that, when applicable, the scenarios were chosen 2]
demonstrate the performance of the planner in situations i
which friction is specifically required to solve the problem
as highlighted by a relatively high coefficient of friction n
(v = 1). Such a high friction coefficient is required for
example to cross the steepest part of the hill in Fig. 5 (as
opposed to standing on horizontal planar surface in which
low friction is enough), or to manipulate the box using 5]
only planar unilateral contact in Fig. 8 without resorting
to bilateral grasps. Lower coefficient of friction would be 6]
sufficient for less constraining problems.

Tab. | gives some experimental figures concerning these
scenarios made on a 3.06 GHz computer running undel]
Windows XP. The program is compiled from a C++ imple- [g
mentation of the framework. "

V. CONCLUSION
(10]

We wrote a multi-contact stances planning algorithm for
multiple robots having to make use of contacts to perform lo-
comotion or manipulation tasks. The autonomy of the robofgy;
is enhanced as little domain knowledge is required to plan
an acyclic non-gaited sequence of stances. This autonomy[{'g]
further increased by not specifying pre-discretized cdaigi
contact locations on the environment, the continuity ofckihi
is totally explored by the planner. Along with autonomy, th 13]
other key driving concept of this work was the generality.
Our planner was not targeted for any specific model of robot
or system of robots. The planner successfully performed di"
a set of problems taken from different sub-fields of motion
planning in robotics, namely, the legged locomotion, dex{5s]
terous manipulation, combined whole-body locomotion anﬂm
manipulation, and collaborative manipulation problem§. A
these locomotion and manipulation problems were unified
within the same framework. (17]

The next step is to take the output of this algorithm as
an input of a motion planning algorithm that would plan thd18]
continuous motion going through these stances. Although
static criteria were considered in the stances planningesta [19]
the continuous motion planner can use them, along with
the generated configurations that correspond to each stance
of the plan, as milestones to plan a dynamic trajectory. Apoj
this latter stage, the kinematics of changing contact modes
such as sliding, pure rolling, etc. as listed in [12] can
also be considered, they could not be taken into account
within our static formulation that was designed for plamnin
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