A sampling-based path planner for dual-arm manipulation
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Abstract—This paper presents a method to compute with sets of lower dimension corresponding to singular
collision-free coordinated manipulation paths for multi-arm  con gurations. This extension permits to solve coordidate
robot systems. The method extends previous work [8] by \hapipylation problems requiring the recon guration of one
|ncprporat|n_g an epr|C|t _treatment of S|_n_gular con guratlons, or several robots. To the best of our knowledge. this is the
which permit to nd solution paths requiring the robot recon- - ) : S . ge, >
guration. Such recon guration motions are neglected in most 't time this recon guration issue is clearly addressedain
of related work. The performance of the planner is analyzed ~general sampling-based path planning framework.
through experiments with academic examples. The generality | et us consider the academic example illustrated in Fig-
of the approach is demonstrated by its application to a model ure I. The system involves 2 planar 3R manipulators holding
of the complex DLR's Justin robot. ) - .

a movable object. Two path planning problems are rep-
. INTRODUCTION resented _in the gure. Problem A can be solved without
_ .. reconguring any of the robots. In problem B however,

Multi-arm robot systems have been developed in diversge presence of the obstacle in the bottom left part of the
elds such as |ndL_lstr|aI m.anufacturlng [28], medical rabst workspace makes both arms need to go from “elbow down”
[1], and humanoid robotics [18]. Such systems must oftep “elbow up” con guration.

perform coordinated manipulation tasks, in which several The proposed approach (Section IV) is based on a decom-
arms move simultaneously holding an object. Problems f;H

di d i isulation h v b ; osition of the (virtual) closed-chain mechanism into \ati
coordinated multi-arm manipulation have mostly been forg g passive parts, which yields a particular parametonati

rgulatﬁ_(lj frﬁm thﬁ ploint.of yiew Orf] cotr:trol [14]'| [2%]('1 [9l. F?d the con guration space described in Section lll. The
[6], while the path planning issue has been rarely address ethod can be applied to general multi-arm system. Nev-

The dif culty for planning coordinated manipulation pathsertheless, for ease of explanation, notation and exampées a
comes from the motion constraints induced by the m“mplﬁmited to dual-arm systems

grasping. Indeed, a virtual closed-chain mechanism isédrm

when several manipulators grasp the same movable Ob]eﬁging the academic problems illustrated in Figure I. Then,

These kinematic loop-closure constraints have an impbrtag ction VI describes the application of the technique for

effect on the topology of the space that has to be explor anning coordinated manipulation paths with a model of the

for nding paths (see Section I). Generally, path plannin LR's Justin robot [18]. The results obtained for this syste

methods have to be extended forl treating such constraintsy oy the scalability of the approach to complex mechanisms
Few approaches to closed-chain path planning have begn. i, ce_dimensional workspace

proposed. Exact methods are able to provide a complete
solution (i.e. they nd a solution path if one exists, andogp

Section V presents an empirical performance analysis

failure otherwise), but their applicability is either lited by INITIAL INITIAL
their computational complexity [21], [5], [2], or becaubey - ‘ -
are devised for particular classes of mechanisms [26],. [11] . .

The resolution-complete method described in [19] presents
more general skills, but it is still limited in practice towe
mobility closed-chain mechanism. Practical approache&s ha .
been developed using sampling-based path planning algo-
rithms [15], [27], [10], [8], [24]. Sampling-based plansere

able to solve complex problems in high-dimensional spaces || FINAL ' FINAL ’
with very low computational cost. The drawback of these ‘ ‘
planners with respect to the aforementioned methods is that . .

they hold a weak completeness guarantee, namely proba-

bilistic completeness [16]. Nevertheless, such a weakisess

generally not a handicap in practice. .
This paper builds on previous work described in [8].

It presents the extension to connect self-motion manifolds

Problem A Problem B

The authors are with LAAS-CNRS, Universitde Toulouse, F-31077 Fig. 1. Academic example of path planning problems for cootdiha
Toulouse, France.mgharbi@laas.fr, jcortes@laas.fr, manipulation. The solution to problem B requires the recamagion (elbow
nic@laas.fr up/elbow down) of both manipulators.



1. PROBLEM FORMULATION I1l. MODEL AND PARAMETRIZATION

A virtual closed-chain mechanism is formed when several

The path planning problem consists in nding a fea_manlpulators simultaneously hold an object. The grasps

. : : . of the movable object can be modeled either as a xed
sible path between two given con gurations of a mobile ) . . -
. S e .attachment (i.e. the object and the gripper form a rigid Hody
system. Feasible paths have to satisfy intrinsic condgrain SN
. . ; ._or by ajoint, if some degrees of freedom are allowed between

of the system (e.g. mechanical design constraints, king-

matic constraints), as well as constraints that arise fror‘FrI11 e gripper and the object. Hereater, explanations will be

: - : . . limited to the case of two manipulators holding an object
the environment (e.g. collision avoidance). Using the oroti with rm arasps. Note however that the proposed approach
of con guration spaceC [17], the problem is reduced to grasps. prop PP

e . is general.
explore the connectivity of the subs@t,s of the feasible ) .
con gurations. Figure 3 shows the model of two planar 3R manipulators

grasping an object. The composed system (together with the
Coordinated manipulation requires to compute the mOtiOQround link) can be considered as a single loop linkage. It
of several robots simultaneously holding an object. Such & also be modeled as a multi-loop linkage like a parallel
multiple grasping induces motion constraints that can Bgechanism, with the movable object corresponding to the
modeled as kinematic loop-closure constraints (see €etafjatform and the manipulators to the legs of the mechanism.
ir! Section Ill). These _constraints signi cantly increaset | this work, we have chosen the latter option because
dif culty of path planning, since they mak€eas have & metrics for path planning are generally easier to device in
complex_ topology. Inde(_ed, con gqrations of a closed-chaifnis case. The con guration of the system is de ned by
mechanism have to satisfy equations of the fdr(@) =0, the |ocation of the object and the con guration of each
whereq are the joint variables, anfl is a system of non- manjpulator:q = f Qob,Qam1.0am2g- These parameters are
linear equations. Con gurations satisfying loop-closat@ia- jnyolved in the loop-closure equations, and therefore, the
tions form several manl_foIdM_i, which can be connected ;5 es of some of them (the dependent parameters) depend
through sets of lower dimensio® [3], [25]. The M ; are o the values of the others (the independent parameters). In
called self-motion manifolds and t& are sets of singular general, the number of independent parameters is 3 forplana
con gurations. Figure 2 illustrates a ctive example With mechanisms and 6 for spatial mechanisms. Following the
three joint variables 1; 2; 3. Let us consider a function nomenclature of related works [10], [8], we calttive and
of the formf ( 1; 2; 3)=0, representing loop-closure con- passivevariables respectively the independent and dependent
straints. This function maps to several surfaces embedudedjarameters. The terms active and passive indicate their rol
the joint-spac&. Such surfaces are the different self-motionythin the path planning approach described in next section
manifoldsM ;. In this exampleM ; andM » intersect at a | ot ys consider that the parameters de ning the object
singular setS. Qopst represent the obstacle regions in thg,cation Qob; are active variables. Then, if the arms are non-
joint space. redundant manipulators, their joint variables are theipass
Planning coordinated manipulation motions therefore rerariables. If the arms are redundant mechanisms, a number
quires to nd feasible collision-free paths that may lieof joint variables corresponding to the degree of redunganc
on different manifolds, whose connection needs to explorgre also considered to be active variables. In summaryeacti
lower-dimensional subsets of the con guration space. and passive variables are de ned as follows:

9 = fdobj, ARm1: IAma9 » & = T ARm Gamad
ObtaininggP from g? requires solving two inverse kine-
matics (IK) problems, one for each arm, which we refer

to aslKam: and IKamz. Since these IK problems involve
non-redundant mechanisms, they have a nite number of
solutions (for regular con gurations). We assume that etbs
form solutions are available for these IK problems, and
that different solution classes (e.g. forward/backwalidow

Qobst

0,

Fig. 2.  lllustration of the topology of the con guration spa under Fig. 3. Two planar 3R manipulators grasping an object. The czegh
kinematic loop-closure constraints. system forms a closed kinematic chain.



up/elbow down, ip/no ip) can be characterized. We referrecon guration of one or both manipulators. The process is
to each particular solution dKam: and IKam2 as qﬁrml;i explained in Subsection IV-D.

andq,ﬂrmz;j respectively. We also assume tlsttigular con- Figure 4 illustrates the approach. It shows PRMs con-
gurations of the manipulators, permitting to change the IKstructed on three layers. Two singularity sets involving th
solution class, are known and can be characterized. We cedlcon guration of each arm are represented in form of
Sii o @ singularity set between two IK solution classeand perpendicular planes crossing the layers. The graph on the

i% of one of the arms. right side of the gure encodes the connection of connected
components on different layers through singular con gura-
IV. APPROACH tions.

A. Overview )
o ] B. Constructing PRM layers
The method proposed in this paper for computing dual-arm

coordinated manipulation motions is based on the extensionFollowing the principle described in [10], [8], the PRM
of PRM-based planners to closed-chain mechanisms [1dqyers Gi; are constructed acting on the active variables
[8]. The main contribution with respect to previous workd™: and solving IK problems for obtaining the corresponding
concerns an explicit treatment of singular con gurationsYa|UeS of the passive variablg8. Details on the generation
which permit to nd solution paths requiring the robotOf nodes and edges are given below.

recon guration. 1) Nodes: The active variablexj?, which involve the

The main idea of our approach is to divide the roadmapiovable object and the redundant joints of each arm, are
construction into two stages. In the rst one, “para||e|"sampled using the extension of the RLG algorithm described
roadmaps are constructed on differelatyers of Geas . in [7]. Instead of using uniform random sampling, this algo-
Considering the parametrization described in the pregedirithm performs an iterative process using simple but génera
section, each layer corresponds to a single combination @0metric operations that guide the sampling toward region
IK solution classes of the two manipulators. The number o#ith a high probability of nding solutions for the passive
layers depends on the maximum number of regular solutioigriablesg® when solving the IK problems. A con guration
of the IK problems. Ifnam: and namz are the maximum can be obtained on each layér; by combining the values
number of IK solutions, then the number of layers if the active parameters an the several solutions to the IK
Nam1  Nam2. We callG;; the roadmap constructed on eachproblems:q;; = fqa,qa' g, with qi‘?,- = f Qe » qf\rmz,jg-
layer, withi = 1:::nam1andj =1 :::nams. The second Two strategies are then possible to insert nodes in the
stage consists in connecting all those generated roadmaplti-layer roadmap. The rst one is to systematically gene
Gij through singular con gurations. Note that these twcate a node on each layer if the corresponding con gurations
stages (layer construction and connection) can be intextea is collision-free. The other is to (randomly) select oneelay
They are described in Subsections IV-B and IV-C. and to generate a node only on it. Results obtained with the

Once the multi-layer roadmap is constructed, path platwo strategies are discussed in Section V.
ning queries may involve searching for sub-paths on the 2) Edges:Connections are tested between neighbor nodes
different layers in order to nd solutions requiring theon each layer using a local planner. This local planner is
limited to act on the active variables. If we assume that
the manipulators are not subject to differential constsin
a straightforward linear interpolation can be used as local
‘Ci]b;j 0‘ ‘Cizo;j 0‘ ‘Ci%;j 0‘ planner. Given a small discrgtization step, the pas_siv'e var

ables are computed for each intermediate con gurationgalon
the local path by solving the two IK problems and selecting
the corresponding SoIUtior Sy s » Aarmz,9-

Gio Note that most of the heuristics for node insertion and
"’ Eﬂ connection proposed in the PRM literature can be adopted
to improve the performance of the planner. For instance,
S Visib-PRM [23] and PDR [13] can be considered in order to
u generate compact roadmaps.
Gij

Cij C. Connecting PRM layers

©>O\o/ Moving between PRM layers implies changing the IK
solution class of (at least) one of the arms. Accordingly to

Fi?f- 4. PRMs ?FT(jstruTC;ed on thrfile IlayergCDéorreSpOgding to Orlliffereﬂt the parametrization introduced in Section Il, such a recon-

self-motion manifolds. These “parallel” roadmaps can be cotaukthroug : : : :

singular nodes (in dark gray), here represented on perpaladiplanes. gura,‘tlon requires to traverse a singular Con guraj[lon bet

The graph on the right side represents the connectivity efabnnected Manipulator. Our approach does not consider simultaneous

components on different layers through singular con gurasi recon gurations of both arms. Note however that this is




not a limitation for the (probabilistic) completeness oé th makes the construction stage be selected with a probadbility
method. 80%. For each test, the roadmap construction is started from
Next we explain how to generate nodes in a sub-manifolsicratch, and the two-stage construction process is iterate
involving singular con gurations of one arm. Let us takeuntil the solution to the path planning query is found.
for example S;; o, which connects layerss;; and Gio; .
All the con gurations in this set have a xed value of V. RESULTS ON AN ACADEMIC EXAMPLE
one or several joint variables of Arm1. We have assumed This section presents an empirical performance analysis of
this (these) value(s) to be known. Singular con gurationghe proposed method on an academic example. The mobile
of Arm1 can therefore be generated by keeping such joigyStem, represented in Figure I, involves two 3R planar
value(s) constant and randomly sampling the other ones. TRENipulators simultaneously holding an object. In thisecas
location of the movable objedio; grasped by Arm1 can the_ manipulators are no_n-redunda_nt. There_fore, the active
be then obtained by direct kinematics. Orgg,; has been Variables are those de ning the object locatiarf: = dob;.
computed g2, (in the case of a redundant manipulator) isThe maximum nqmber of solutions to the IK problems
sampled using the RLG algorithm [8], aof],,,, is obtained Kami and IKamz is 2. Thus, the number of PRM layers
by solving the corresponding IK problem. Collision-freaneo will be 4. For both arms, the 2 IK solution classes meet at
gurations sampled inS;; o are then connected to neighbor? sin_gularity set characterized by a joint value of the sdcon
nodes in layers;; andGio; . Note that the aforementioned rotation (the elbow) equal to zero.

PRM heuristics for node insertion and connection can also 1he main goal of the tests was to compare the performance
be applied to the singular nodes. of the proposed algorithm when the path planning problem
A graph is constructed to represent, at a higher-leve'i,equ"es th_e manipulator(s) recon gL_Jration and when itgoe
the connectivity of the multi-layer roadmap. Nodes of thigiot- For this, the planner was applied to the two problems
connectivity graph correspond to connected components dlystrated in Figure I. For problem A, which does not reguir
each layer, and edges are singular con gurations conrgactiﬁhe recon guration of any manipulator, the solution patim ca

these components (see Figure 4 for an illustration). be found by constructing a roadmap on a single layer (i.e.
only using one IK solution class of each arm). Numerical
D. Solving path planning queries resultg in the rst row of Table | correspond to this test.

However, since the need of recon guring manipulators for
solving a path planning query is not known a priori, the
glgorithm generally needs to explore all the layers. The
variablesq?,, andqgoa|- In the former casegin; anddgos are second row in the table shows results when the planner was

added to the corresponding PRM layers. In the latter cas@pplied to the same example and simultaneously constructed
the IK problems are solved to obtain the multiple possiblt® 4 PRM layers. As we expected, the number of nodes and
con gurations o, and g%, and the resulting nodes are the computing time are approximately multiplied by 4. The
inserted on all the layers where they are collision-freecdlo Solution of problem B requires the recon guration of both
paths are then computed to connect (the multiplg) and manipulators (see Figure 5). Thus, a solution path cannot be
Ggoal t0 Neighbor nodes on the corresponding layers. obtalned_ by running a PRM algorithm on a single layer. The
If Gint and Ggoar Can be connected to nodes in the samdth row in the tgble corresponds to the perfqrmance of the
connected component on one PRM layer, the path planify@ner for solving the problem by constructing the 4 PRM
query can be solved without crossing singularities. OthefeYers in parallel. The number of nodes is very similar to
wise, the high-level connectivity graph is explored (usinéhat in the previous case. Note however that, although the

an A algorithm) to nd the shortest path between any pai roblem seems to_be more dif cult, the computing tlm_e is
of connected components containigg; and ggox. ThUS, lower. The reason is that the presence of the obstacle in the

the resulting path involves the minimum number of ampottom left part of the workspace reduces the volume of the
recon gurations required to solve the query.

The initial and nal points for a path planning query
can be fully specied by con gurationsjint and dgoa, OF
they can be partially given by only specifying the activ

2All numerical results in the paper have been averaged oveu$ of
. . the planner. Computing time corresponds to an Intel Core2{rooessor
E. Implementation details at 2.13 GHz.

Let us brie y mention some details about the implemen-
tation of the planner applied for tests described in next
sections. The implemented planner applies the Visib-PRM

TABLE |
NUMERICAL RESULTS: ACADEMIC PROBLEMS

approach [23], which yields compact roadmaps (i.e. with Problem  Strategy nNpodes T

a small number of nodes). The planner interleaves PRM A single layer 11 0.93s

layer construction and connection stages. At each iteratio A parallel 42 428s

the stage type is randomly selected. A tuning parameter is A one-by-one 34 249 s

used to favor the probability of selecting one of the stages. B single layer - -

Tests have been made using a value of this parameter that B parallel 39 1.96 s
B one-by-one 35 217 s

1probabilistic completeness proofs are not provided in thisep



Fig. 5. Solution to problem B. The images show three parts@ftiution
path. The rst part (left) corresponds to the sub-path betwéhe initial

con guration and the rst singularity, which permits the mtguration of

the left arm. The second one (middle) shows the sub-path toebend
singularity (recon guration of right arm). The third subtparight) reaches
the nal con guration.

Geas » Which, in this case, reduces the cost of computing

local paths. These results show that, in the worst case, the

computational cost increases linearly with the number of

PRM layers.
Tests were also ran to analyze the performance of two

strategies of the method: one simultaneously generating

nodes on all the layers for each sampled value®fand

the other generating only one node on one of the layers by

randomly choosing the IK solution clasddsj g. The afore-

mentioned results correspond to the rst strategy. Thedthir

and sixth rows of Table | show results for the second strategy

For problem A, numerical results show a better performance

of the one-by-one PRM layer construction strategy. However

the number of nodes and the computing time obtained with

both strategies are very similar for problem B. The reason

of this different behavior is that, in the case of problem A,

all the layers do not need to be explored for nding the

solution path, whereas solving problem B requires to explolrig. 6. Dual-arm manipulation planning problem for Justiguieing two

a wide portion of the con guration space, on the 4 layers, téecon gurations. Singular con gurations are represenitedrames 2 and 4

nd a path involving two recon gurations. Finally, note tha °' e solution path sequence.

results obtained with the one-by-one PRM layer constractio

strategy for solving both problems are very similar. This In the path planning problem illustrated by Figure VI,

shows that the need of recon guring robots for solving a patdustin has to move up a bar held by its two hands. The

planning query does not affect the computational ef ciencywo vertical obstacles hinder the redundant joint of the

of the method. manipulators play its role. Hence, the two arms need to go

through singularities to reach the goal con guration. The

VI. APPLICATION TO THE DLR JUSTIN ROBOT small images on the right part of the gure show frames

) } ] . of the solution path. Frames 2 and 4 correspond to the two
Justin [18] (see Figure VI) is a humanoid robot COMingularities enabling the recon gurations.

posed of two 7 DoF DLR-Lightweight-Robot-Ill arms [12]  4pe || shows numerical results on the performance of the
mounted on a 3 DoF torso. The robot also include fourgianner for solving the query illustrated by Figure VI witho

ngered DLRHand-Il hands [4]. In the example of dual-pior roadmap construction. These results show a similar
arm coordinated manipulation presented below, the joifits Qerformance between the parallel and one-by-one PRM
the torso and the hands have been xed. Thus, the actiygyer construction strategies. However, the graph obthine
variables for path planning are those de ning the objquy the one-by-one strategy is lighter (in terms of number

location and the value of the redundant joint of each armyt nodes) than the graph obtained from the parallel strategy
Accordingly to the inverse geometric model provided by the

DLR, the redundant joint corresponds to the third rotation.
For a given value of this redundant joint, the maximum
number of IK solutions involving the other 6 rotations is 8.

TABLE Il
NUMERICAL RESULTS: JUSTIN

Therefore, the number of PRM layers will be 64. There are Problem  Stratedy Nnoges T
4 singularity sets permitting to switch between IK solution Justin parallel 1220 155 s
classes of each arm. They are characterized by particular Justin  one-by-one 844  139's

values (0 or 90 degrees) of one or two joints.
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Fig. 7. Time for solving queries vs. time spent to constructrtremap.
[11]

Nevertheless, when the goal is to construct a rich roadmap
for multiple queries, the parallel construction strateggniore
appropriate.

Figure VI shows the relationship between the roadmap
construction time and the time needed to solve queries. T &
query time rapidly decreases when the size of the precorh-
puted roadmap increases. Queries are solved instantdyeol#]
after 4 minutes of roadmaps construction.

[12]

VIl. CONCLUSION AND FUTURE WORK [15]

We have presented a method for planning dual-arm cé®!
ordinated manipulation paths based on an extension of the
PRM algorithm to closed-chain mechanisms. The approa¢tv]
is general, and can be directly applied to complex multi-ar
systems. Results obtained with a model the DLR's Justi
robot show the computational ef ciency of the method.

The principle could be applied to other types of path
planning algorithms. We are currently investigating the exg;
tension of RRT-like algorithms for rapidly solving singlath
planning queries. Other future work concerns the integnati

- . [20]

of the proposed method within a global approach to manlptg-
lation task planning [15], [22], including transit motiofar
regrasping operations.

8]

[21]
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