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Abstract— This paper presents a new method for planning
motions of multi-arm systems in constrained workspaces, fo
which state-of-the-art planners behave poorly. The methods
based on the decomposition of the system into parts. Compact
roadmaps are first computed for each part, and then, a
super-graph is constructed by the composition of elementgr
roadmaps. Results presented for a three-arm system and a
model of the complex DLR’s Justin robot show a significant
performance gain of such a two-stage roadmap construction
method with respect to single-stage methods applied to the
whole system.

. INTRODUCTION

Multi-arm robot systems have been developed in di
verse fields such as industrial manufacturing [1], medic3
robotics [2], and humanoid robotics [3]. Such complex
high-dof systems may have to perform tasks in constraing
workspaces, in which computing feasible paths is a ver
difficult task.

Robot motion planning has been an active research domg
over the past decades [4]. The path planning problem caensig
in finding a feasible path between two given configuration
of a mobile system. Feasible paths have to satisfy intrinsic _ _ _ _
constraints of the system (e.g. mechanical design contstrai F9: 1~ Example of path planning problem in constrained renrhents.

) . ) . . e robot has to cross its arms for putting the chair upsidendo
kinematic constraints), as well as constraints that arise f
the environment (e.g. collision avoidance). Using thearoti hardly restricted by self-collision constraints added aiphie
of configuration space [5], the problem is reduced to explor&orkspace obstacle constraints. Let us consider the exampl
the connectivity of the subset of the feasible configurationillustrated in Figure 1. The DLR’s Justin robot [3] has to put
Sampling-based planners are able to solve complex proble#h& chair upside down. For that, it has first to grasp the chair
in high-dimensional spaces with very low computationa$fossing its arms. This grasping motion difficult becausta bo
cost. One of the most popu|ar Samp"ng-based p|anners qgms have to coordinate for mOVing in a constrained region
the Probabilistic RoadMap (PRM), introduced in [6] andPf the workspace.
further developed in many other works (see [7], [8] for a The idea developed in this work consists in decomposing
survey). The PRM algorithm has been shown to perforrthe multi-arm system in a set of sub-systems (Section II) tha
well for a broad class of problems. However, its performancare treated as different robots for path planning. Sevgral a
degrades in the presence of narrow passages, which requireaches have been proposed for multi-robot path planning.
prohibitively dense roadmaps in order to be captured. £entralized path planning algorithms [19] perform in the
number of variants and extensions have been proposeddomposite configuration-space of all the individual robots
alleviate this problem, e.g. biasing sampling around ebst®ecoupled planners [20], [21] compute paths for the robots
cles [9], [10], [11] or towards the medial axis [12], usingindependently, and then coordinate robot paths for solving
free-space dilatation [13], [14], visibility-based filieg [15] multi-robot path planning queries. Finally, roadmap compo
exploiting search space information [16], or delaying ieoll sition approaches [22], [23], [24] consist of first creatamy
sion detection [17], [18]. elementary roadmap for each robot and then computing a

Despite the established efficiency of PRM-like plannerg;omposite roadmap. The roadmap composition is defined as
the construction of a roadmap enabling to solve constraingde Cartesian product of the elementary roadmaps. Coordi-
problems for multi-arm systems is very expensive because pétion is implicitly done during the roadmap composition
the high-dimensionality of the configuration-space (tgflic by checking nodes and edges for robot-to-robot collisions.
around 20 DOF for a torso with two arms), which isThe method presented in Section Il is inspired by multi-




I11. APPROACH
A. Overview

The method proposed in this paper for planning multi-
arm robot paths is based on the aforementioned system
decomposition into elementary parts. This decomposition
permits to split the roadmap construction into two stages.
The first stage is to compute a collision-free roadi@gfor
each sub-system composed by the common paftsand
a single independent paR/. Such roadmaps construction
considers self-collisions of the sub-system and collision
with the obstacles in the workspace. Any PRM-like method
can be used to generate these roadmaps. However, the
Fig. 2. The decomposition of the hlf_manoid syst:em into eleangrparts.  yse of methods generating compact roadmaps such as Vis-
I:r;erntxgn"ir?rfeénd the head are the "independent” parts andbe s the by 115] or PDR [25] is preferable in order to limit the

size of the composite roadmap, which is defined as the

Cartesian product of all the sub-system roadmaps, and whose

" C
robot_roadr_‘nap composmon approaches. In order to avonge may become huge if standard PRM methods are used.
combinatorial explosion, elementary roadmaps are corﬂputerhe PDR algorithm should be in general the most likely

using PRM-like algorithms that generate compact roadma%ﬁ . : ;
: : . oice because it generates useful cycles required for the
with or without cycles (e.g. PDR [25] or Vis-PRM [15]). g y d

) _ e ~roadmap composition stage, while keeping the roadmap size
Section IV describes the application of the teCh”'qU§ufﬁciently small.

and an empirical performance analysis for plann_ing motio.ns The constructed roadmaps are then merged into a com-
of a three_-arm system and of the DLR’s Jgstln robot iMosite one, calledSuper Graph(SG), extending the idea
a constrained workspace. The results obtained for thejgiially proposed in [24] for the specific case of multiple
systems show the efficiency of the roadmap compositiogyy.jike robots. Figure 3 illustrates the principle of ®eper
approach compared to path planing directly for the wholgsyaph construction for a system involving two independent
system. parts (the circle and the square). For each part, a roadmap
is constructed. Then§G is constructed by the composition
of the elementary roadmaps. Each nodeS¢f corresponds
Il. MODEL AND PARAMETRIZATION to a feasible and compatible placement of the two parts, and
each edge corresponds to a feasible motion of one or both
The first step in our approach is the decomposition of thearts.
multi-arm system into elementary paf...P,. Each part Next subsections explain the two-stages of tBeper
corresponds with a kinematic chain (i.e. a set of joints an@raph construction. Subsection IlI-B explains the construc-
bodies). A partP; is said to beindependentif the change tion of the elementary roadmaps for each independent
of its configuration does not affect the pose of other systesub-system. Subsection 11I-C explains how the elementary
parts. The independent parts are ng&d On the contrary, if roadmaps are merged together into Swper GraphFinally,
configuration changes of a part act on the pose of other pargsth planning queries are solved by searchingéh (Sub-
it is said to be @ommorpart, and it is noted®¢. Identifying  section 11I-D).
independent and common parts can be easily done from an N
analysis of the kinematic diagram of the multi-arm systemg' Constructing independent PRM
Figure 2 illustrates the different parts of Justin. Each arm The Path Deformation Roadmaps (PDR) algorithm [25] is
is independent from the other. If the value of an arm joint i€ Suitable method to compute the elementary roadmap for
modified, the change does not affect the position of any oth§ACh sub-system composed by the common paftsand a

part in the system. However, a change in one of the torso
joints changes the pose of the arms and the head. Considerinn
the definitions above, the head is also an independent par 29 @1 €2 @1 ) €1 x2
Thus, this system involves three independent parts: the rig | | |
and the left arms7®! and P/ respectively), and the head
r i . Z
(P1); and a common one: the torsBY). Given the relatively T1Y2H Y1 Y2 <1 Y2
I I
@1 Z2 61 22
Note that, for extension to legged (humanoid) robots, the
Iegs would be considered as common parts since movmg,:%_ 3. On the left, elementary roadmaps for a simple systemposed

T2
low mobility of the head, it can be considered together wit
the torso in order to simplify the system decomposition. Y2
leg generally induces the motion of the rest of the robot fosy wo independent parts (circle and square). The gene@per Graph
maintaining stability. on the right.




single independent paR’. The PDR is a recent approach to Case A Case B Case C_
sampling-based path planning with PRM methods. The aim C |
is to compute good quality roadmaps that encode the multiple 1
connectedness of the configuration-space inside small but [ |
yet representative graphs, that capture well the different \ / \ / i ?ﬁ i
varieties of free paths. The approach relies on a notion of —
path deformability indicating whether or not a given path ca /, P , A1
be continuously deformed into another existing one. This ra
method extends the Visibility-PRM technique [15], which \
computes roadmap trees, to construct compact roadmap * * * “ﬂ*'
graphs by adding paths that are not deformable into existing

paths in the roadmap (|e they belong to different homotop;{g_ 4. Three cases for merging roadmaps nodes. The boxdeednar
classes), or if the path deformation is hard. The deformatigepresent configurations of independents parts, and boxekerh C are
ffom one path into another in considered to be hard when gU*ions o CTer pee Coller Seeeion os spnroes
first-order deformatioris not possible. In other words, if it of parts that have been checked during the elementary rqadamstruction.
is not possible to simultaneously go through the two paths

while maintaining a visibility constraint between the psin
of each path.

,m
,_——
,m

EachSuper Graph Nodis checked for collision in order to
ensure the compatibility of the configurations of the difer
For constructing a PDR, the roadmap is initializean.""rts' The CO”'S!O.n test needs to be performed only p_ar,'_ual
since some collisions have already been checked within the

with a tree structure computed with the Visibility-PRM elementary roadmap construction. If the system does not
method [15]. This ensures a good coverage of the free y P ) y

space with a limited number of nodes and edges. TheWVOIVe common parts, or if common parts hold the same

iteratively, a free configuration is randomly sampled and cbnﬁgura_tpn in all the eIent.ary nodes (*Cases A and B),
the connectivity of the visible portion of the roadmap isOnly collision betwegn the independent parts needs to be
tested (see [25] for details). If the visible sub-roadma nhdeecgeer?det'l?vp\)lg\r/tegowfiézfat?;:igcljecc?suep (toczileelcer)r;eﬁ?;r;
[ [ j . Otherwi irs of . .

's connectedy s rejected. Otherwise, pairs of connecte node has be checked against the other independent parts,

components of the visible sub-roadmap are linked thraugh common parts. and the workspace obstacles. Onlv the
These new paths are tested to be non-redundant with resp éT‘lI : parts, w P ' y
ision-free nodes are kept ifig.

to other added cycles. In such case, they are inserted in e .
roadmap. The algorithm is stopped when a maximum numberz) Super Graph EdgesOnce a nodeX is created and

of successive failures to create a new useful cycle is rehch hserted 'F“OSQ' its connection to the 0the$uper Graph
meaning that the roadmap is sufficiently rich. odesY is computed. To preserve the efficiency of the
roadmap construction, and due to the high cost of the edge

C. Merging independent PRM validation stage, a filter is used for selecting the nodeseto b
checked for connection. This filter uses the informatioregiv

by the elementary nodes composing Swgper Graph Nodes

X andY can be connected if and only if their composing
nodes;; andy; respectively, are connected in the elementary
roadmaps. For example, let us consider a two arm system.

1) Super Graph NodesThe Super Graph Nodesre X, constructed from the two elementary nodgsand zo,

created by the composition of elementary nodgsn each andY’, from g, andys,, are connectable, if :

roadmapR;. Figure 4 shows how the merging is done. For * #1 =y1 andz; andy, are connected iR,

the simplest case of a system composed by n independent 21 andy; are connected iR, andz; =y

parts without any common part (Figure 4 left, “Case A"), * 21 andy; are connected iR, and z; and y, are
eachz; is independent from the others. In such case, the connected irk,

elementary roadmap nodes are directly added up. If thereA possible strategy for saving extra computing time is to
is a common part in the system, two possibilities can beonstruct a roadmap tree instead of a graph. In this case,
distinguished. In the first case, the configuration of theonnection tests (using a local planner) are only performed
common parts is the same for all the selected roadmapstweenSuper Graph Nodedbelonging to different con-
nodes (Figure 4 center, “Case B"). In this case, the commarected component &G. If we assume that the manipulators
parts are kept and the independent parts are merged asaine not subject to differential constraints, a straightimd

the simplest case. The second possibility is that the commdinear interpolation can be used as local planner. Like for
configuration parameters change in the selected roadmaps Super Graph Nodesvalidating Super Graph Edges
nodes (Figure 4 right, “Case C”). In this case, the mergingnly requires to test collisions between pairs of parts and
consists of creatingt Super Graph Nodegwhere k is  with workspace obstacles that have not been checked when
the number of different configurations @) and fusing computing the edges of the elementary roadmapSuper
configurations of the independents parts. Graph Edgeis added to theSuper Graphif it is collision

The Super Graphconstruction is made by merging the
elementary roadmaps. Merging a nodge from eachR;
createsSuper Graph NodeX. Two Super Graph NodeX
andY can be connected viaSuper Graph EdgeThese two
operations are detailed below.



free. Otherwise, the elementary nodgsand y; are tagged
for possible later use (see next subsection).

D. Solving path planning queries

Solving a path planning query consists of adding thg
start and goalSuper Graph Node$ and G to SG, and
searching for a path in this roadmap. # and G are
in the same connected component, the query is direct
solved. Otherwise, th8uper Graphs enrichment in order to

generate other possible paths, or to determine that thqqum_

is (probabilistically) not solvable.

Several steps are performed for enrichi§g. The first
one consists in decomposing the start and goal configugatio
into configurations of the elementary sub-systems. The col
nection of the resulting nodes andg; to the corresponding
elementary roadmaps; is tested. Ifs; andg; are in different
connected components &;, the elementary roadmap is
enriched by further iterating the basic algorithm expldine
in Section 1lI-B. Note that a failure for solving the path

planning query can rise at this stage if a stop condition iS
reached before connectirgandg;. The newly added nodes

Fig. 5. Two path planning problems for a multi-arms systemgosed by
three Light Weight Robot Il arms. “3Arms S.” represents latieely simple

are merged with nodes in the other elementary roadmaps agigblems, and “3Arms H." is a more difficult one. The start figurations
added to theSuper Graphas explained in the Section IlI-C. are on the left, the goal on the right.

However, S and G maybe disconnected even if the all the
elementary nodes; andg; are connected in their respective
R;. In this case, several strategies can be used to eSgch

The basic one consists of further iterating the elementar
roadmap construction and merging stages. Using a smart

strategy, the standard elementary roadmap construction |

replaced by a method that samples new elementary nod
x; and tries connections with nodes in the correspon@ng
that have been tagged during previdasper Graph Edge
validation tests. The goal of this strategy is to construd
cycles to avoid collisions raised in the roadmap compasitio
stage. Both strategies can be combined and iterated until
solution path is found, or a stop condition is reached (e.qg.
roadmap size limit is reached).

IV. RESULTS

This section presents an empirical performance analys
of the proposed method on two multi-arm systems. Th
first system is composed by three kinematically independe
manipulators, and the second one is a model of the rob
Justin from DLR, whose decomposition in elementary sub
systems involves common parts. The aim of this analysis
two-fold. First, to compare the performance of the roadma
composition approach with respect to a centralized methdg

that directly constructs a roadmap for the whole robo]

system. And second, to analyze the influence of the methd

used to construct the elementary roadmaps on the glob\

performance of th&uper Graphplanner.
For each system, we defined path planning queries of di
ferent difficulty. Path planning difficulty increases besawf

motion constraints imposed by workspace obstacles, as weil. 6.

Start and goal configurations of path planning ggewith three

as by the need of coordinated arm motions. Six algorithnféfficulty levels for Justin.

were tested for each path planning problem. Three of them
- PDR, Vis-PRM and PRM - compute roadmaps for the



TABLE |
NUMERICAL RESULTS

Problem PDR SG PDR Vis-PRM SG Vis-PRM PRM SG PRM
Mnodes | T (sec) | mnodes | T (sec) || Mnodes | T (sec) | mnodes | T (sec) || Mnodes | T (sec) | Mnodes | T (sec)
3Arms S. 31 13.3 44 2.6 30 3.2 24 0.4 180 2.6 44 0.5
3Arms H. 247 165.8 174.8 11.4 229 130.7 63 2.4 20512 701 2415 17.8
Justin S. 82 23.6 118 2.6 72 18.4 929 1.0 1624 14.9 1719 10.7
Justin M. 161 112.14 258 4.3 158 90.9 223 1.9 8673 202.4 32277 2082
Justin H. - > 2h 7269 173.8 — > 2h 6494 101.1 - > 2h - > 2h

whole system. The three othersSG PDR, SG Vis-PRM  solution paths in reasonable computing tireeZ hours). As
and SG PRM - apply the presented roadmap compositioalso indicated in Figure 7, which represents a lower bound of
approach using PDR, Vis-PRM and PRM algorithms tdhe gain in computing time, the composition-based planners
compute the elementary roadmaps. The test consisted ae faster than the centralized methods in all the cases
incrementally computing a roadmap until the solution to &xcepting one. The tendency is only inversed when solving
given query was found. Obviously, roadmaps able to solvguery “Justin M.” using the basic PRM to construct the
gueries of a difficulty level can also solve queries of a loweelementary roadmaps. The reason for this under-perforenanc
difficulty one. All the algorithms were implemented intois that SG PRM spends a lot of time merging elementary
the path planning softwarblove3D [26]. The experiments PRMs that contain a large number of nodes. This can be seen
reported below have been averaged over 20 runs of tlreTable I, which provides a break-up of the total computing
planner. Computing time corresponds to a Dual-Core AMDime into the times required for each stage: elementary
Opteron processor 2222 at 3.0 GHz. roadmaps construction and roadmap compaosition.
Figure 5 shows a multi-arm system composed by three Finally note that the performance 6§t PDR andSg Vis-
Light Weight Robot Il arms [27], [28], developed at DLR PRM is similar. SG Vis-PRM performs slightly better in
and currently commercialized by Kuka Robotics. The decomterms of computing time. Results in Table Il point out that
position of this system yields three kinematically indepenthe higher cost for computing the elementary roadmaps with
dent parts, each one corresponding with one of the 7 DOFDR is the main reason for such a slight under-performance
arms. Two path planning problems are represented in tled SG PDR. In spite of that, we still suggest the use of
figure. In problem “3Arms S.”, the three manipulators havé®’DR for constructing the elementary roadmaps, since the
to move their end-effector toward three distant points a@n th
surface of a sphere. This motion requires little coordorati
of the arms. However, in problem “3Arms H.”, the three g,  =seporvs.POR %56 VisPRM vs. VisPRM W SG PRM vs. PRM
arms need to coordinate for avoiding collisions while mgvin 70
inside the U-shaped obstacle. 60
Figure 6 illustrates three path planning queries for so
Justin [3] in the same scenario. The robotis composed of tw 40
7 DOF DLR-Lightweight-Robot-Ill arms [27] mounted on a § 20
3 DOF torso. Justin also holds two four-fingered DLRHand- 20
Il hands [29] and a head with a 3 DOF neck. Disregarding thr 1
hands and the neck joints, which are considered to be fixe
in our experiments, Justin involves 17 DOF. As explained ir -0
Section Il, this robot can be decomposed into three pas: tr - 20, L, o
arms (with fixed hands) are independent parts, and the torsu
(with the head) is the common part. In query “Justin S."Fig. 7. Performance gain for the compositiaSi) methods against the
Justin has to move its arms from under the table to over itentralized ones.
This is a simple query that does not require arm coordination TABLE |I
In contrast, arm coordination is a difficult task for solving TIME REPARTITION FOR THESG CONSTRUCTION(SEC)
query “Justin H.”, since Justin has to reach an arduous
configurations by totally crossing the arms before grasping Problem
the chair. Query “Justin M.” is a medium-difficulty query.
Table | displays the computing time and the number off 3A™msS. || 23 | 025 || 04 | 001 || 0.08 | 04
nodes requires to solve the five path planning queries with th[ 3A™ms H. || 103 | 1.1 | 23 | 002 || 07 | 171
six tested algorithms. Note that results to query “Justih H. | Justin S. || 2.2 04 0.6 04 03 | 104
with algorithms PDR, Vis-PRM, PRM an&G PRM are Justin M. || 3.4 0.9 1.0 0.9 2.3 2080
not provided since these planners were unable to compute Justin H. || 94.8 79 448 | 56.3 - -

SO\

§
I\\\\\\\\‘
|

Justin S. Justin M. Justin H.

SG PDR SG Vis-PRM SG PRM
Elem| Merge Elem| Merge Elem| Merge




cycles they contain should be in general very useful for thgo] V. Boor, M. H. Overmars, and A. F. van der Stappen, “Thesgéan
roadmap composition stage. Besides, solution paths pedvid
by SG PDR are generally shorter.

V. CONCLUSION AND FUTURE WORK

(11]

[12]

We have presented a method for planning multi-arm

system motions in constrained workspaces. It is based on tfig;

decomposition of the system into kinematically indepetiden

parts, which are treated as individual robots in a multietob
roadmap composition approach. This approach is partigula

efficient for manipulation tasks involving several indegent

manipulators, or for multi-arm systems with a common®®

14

mobile part having a reasonably small number of DOF. If

the system’s common part involves a large number of DOIR6]

the benefit due to the two-stage roadmap construction

be reduced since the roadmap composition stage will
more expensive. Nevertheless, the method is still generfas]

s

and can directly be applied to complex multi-arm systems.

The results presented in this paper show the computationgd,

benefits of the method.

A possible improvement of the method could be achieveﬂo]

by delaying theSuper Graph Edgevalidation, which is
the most expensive operation. Tisiper Graphcould be

constructed following the proposed strategy, but runnirey t
collision detection test on edges only when needed for soly;
ing a particular query, like in the Lazy-PRM algorithm [17].
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