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Business Summary

This paper describes research conducted under the CIFE seed project Cooperative Ma-
nipulation of Pipes in Construction Tasks. The topic of this project is the investigation
of integrated robot motion planning and control methods for manipulating long and heavy
objects, such as pipes in a construction site environment. Our research focuses on coordi-
nated manipulation using two manipulators, or more. Its ultimate goal is to make heavy
material handling more cost-effective and safer. The rationale of our approach is that using
multiple manipulators potentially provides more flexibility while reducing the cost of the
manipulators. On the other hand, it makes the task of operating and coordinating these
robots more difficult, but automatic motion planning can solve this difficulty.

Our research program consists of three major parts:

- The first part is related to the control of multiple cooperative manipulators taking
dynamic constraints into account. This part of the research is aimed at showing that using
multiple manipulators, together with advanced control techniques, can result in a significant
reduction of the cost of the manipulators, as well as in faster and more precise manipulation.

- The second part is motion planning. It is aimed at automatically producing the paths
of the manipulators to transport pipes from a given initial location to a given goal location
among obstacles, without collision. The purpose here is to provide a high-level, fast and
safe interface between human operators and the manipulation system.

- The third part of the research is to set up an integrated experimental demonstration
of the control and planning technologies developed in the previous two parts, using several
PUMA arms available in our laboratory.

This research program began in January 1990, and results have been achieved relative
to the three parts introduced above. In particular, a simplified integrated demonstration
involving dynamic control, fast motion planning, and cooperative manipulation have been
carried out and recorded on a video tape available from CIFE.

This paper describes recent results obtained within the second part of the program
(motion planning). It focuses on the problem of planning coordinated paths for two ma-
nipulator robots, with regrasp operations. Such operations are often needed for avoiding
collision. Most of the past research on motion planning has been carried for a single robot
among fixed obstacles. As explained in this paper, dealing with multiple arms and movable
objects (pipes), and allowing regrasp operations significantly increase the difficulty of the
motion planning problem. The research in this area is very new and this paper presents the
first implemented results in dual-arm manipulation planning. Actually, we present three
implemented planners that solve problems of increasing difficulty.

At this stage of our research, our implemented software runs only for planar manip-
ulators in two-dimensional workspaces. We are well-aware of the fact that our motion
planning methods should ultimately operate in three-dimensional workspaces, and we work
hard toward that goal. But, 3D geometry is often much more computationally intensive
that 2D geometry, although both are equally well understood from the mathematical point



of view. For example, in a simple related domain, the computation of the shortest path
between two points in a 2D polygonal space requires low-polynomial computation time (in
the number of vertices of the polygons), while the same computation requires exponential
time in a 3D polyhedral space. Exploring algorithms in two-dimensional workspaces is a
major step toward understanding a difficult problem such as planning the motion of two co-
operative manipulators, before attacking effectively the same problem in three-dimensional
workspaces. In fact, we previously applied this same research strategy successfully to build
an efficient path planner for robots with many degrees of freedom. We expect this strategy
to be effective again in cooperative manipulation.

This work was funded by DARPA contract DAAA21-89-C0002 (Army) and CIFE. Jean-
Claude Latombe is an Associate Professor in the Computer Science department. Yotto
Koga, a Ph.D. candidate in the Mechanical Engineering Department, is supported in part
by a Canadian NSERC fellowship.
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Yoshihito Koga and Jean-Claude Latombe
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Abstract

The goal of dual-arm manipulation planning is to plan the path of two cooperating
robot arms in order to carry a movable object from a given initial configuration to a
given goal configuration amidst obstacles. This problem typically occurs in tasks re-
quiring the manipulation of long and/or heavy objects. It differs from the classical path
planning problem in that it involves grasp and ungrasp operations that dynamically
change both the kinematic structure of the total robotic system and the constraints im-
posed on the arms’ motion by the obstacles. We describe three implemented planners
that tackle increasingly difficult versions of the problem.

Acknowledgments: This research was funded by DARPA contract DAAA21-89-C0002 (Army) and by
a grant of the Stanford Center for Integrated Facility Engineering (CIFE). Y. Koga is supported in part by
a Canadian NSERC fellowship.

1 Introduction

In this paper we consider a new motion planning problem, which we call dual-arm manip-
ulation planning. The goal is to plan the motion of two cooperating robot arms to carry a
movable object from a given initial configuration to a given goal configuration amidst fixed
obstacles. Each arm can move separately, but both arms have to grasp the object in order
to move it. Avoiding collision between the two arms, or between one arm and an obstacle,
or between the movable object and either an arm or an obstacle may require the arms to
change their grasp of the object. This problem occurred to us as we were working on a space
robotics project aimed at assembling truss structures [9]. It also arose in a construction
robotics project involving the manipulation of long and heavy objects (e.g., pipes, beams).

To illustrate our problem, consider Figure 1. It shows snapshots of a manipulation path
produced by one of the planners described below. The movable object is a long bar AB
(shown as a bold line) that can be moved in the plane by two identical arms, each with
3 revolute joints. The arms can grasp the object by positioning their endpoints at the
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Figure 1: A Dual-Arm Manipulation Path
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extremities of the bar (then the grasp contacts behave as passive revolute joints). There is
a single, rectangular obstacle. The initial and goal configurations of the bar are shown in
Figure 1 (a) and (1), respectively, with the corresponding configurations of the arms. The
problem is to plan a path for the two arms to transport the bar from its initial configuration
to its goal. Figure 1 displays such a path. The two arms first grasp the bar as shown in (b).
A collision with the obstacle (c¢) yields the right arm to ungrasp the bar (d), move around
the obstacle (e), and then regrasp the bar at a new configuration (f). The motion of the bar
is resumed (g) until a collision between the two arms (h) requires them to swap their grasp
positions (i). The motion of the bar is resumed again (j) and the goal configuration of the bar
is achieved (k). The two arms then ungrasp the bar and move to their final configurations
(1)

Dual-arm manipulation planning differs from the classical path planning problem in that
it involves grasp and ungrasp operations that dynamically change (1) the kinematic struc-
ture of the total robotic system, and (2) the constraints imposed on the arms’ motion by
the obstacles. Consider the composite configuration space of the two arms and the movable
object. In this space, a manipulation path is a sequence of subpaths separated by an un-
grasp/regrasp operation. Every subpath lies in a different, lower-dimensional submanifold
of the composite configuration space and the transfer between two subpaths occurs at a
configuration of the total system contained in the intersection of the corresponding subman-
ifolds. For every subpath, the problem reduces to path planning for some fixed kinematic
structure and obstacle constraints. For example, in Figure 1, between snapshots (c¢) and (f),
the planned path is that of a single 3-revolute-joint arm (the right arm) in the presence of
multiple obstacles (the environment obstacle, the left arm, and the bar). Between (f) and
(h), the path is that of a 5-degree-of-freedom closed-loop kinematic chain in the presence of
a single obstacle. The additional difficulty of manipulation planning, relative to pure path
planning, is to decide where to terminate a subpath and to start another one by means of
an ungrasp/regrasp operation.

In Section 2 we survey previous work in manipulation planning and we relate it to our
own work. In Section 3 we give a formal configuration space presentation of the problem
addressed in this paper. In Sections 4 through 6 we describe three implemented planners,
Planners 1, 2, and 3. These three planners operate in a two-dimension workspace and tackle
increasingly difficult versions of the dual-arm manipulation problem. They are implemented
in the C language. Execution times given in the paper were obtained by running them on a
DEC 5000 workstation (28-mips processor).

2 Related Work

Research in motion planning has been very active over the past decade [12, 13, 5]. Most
of it has addressed the problem of planning a collision-free path for a mechanical system
with a fixed kinematic structure (e.g., a rigid object, a collection of rigid objects hinged
together). Various extensions of this path planning problem have also been studied. Planning
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with uncertainty, with dynamic constraints, and with nonholonomic constraints are some
examples.

The interest in manipulation planning is relatively recent. The problem was previously
considered in [15, 6, 1, 7].

Wilfong [15] addresses the problem of planning the path of a convex polygonal robot
translating in a two-dimensional polygonal workspace in the presence of multiple convex
polygonal movable objects. The robot can “grasp” a movable object by making one of its
edges coincide with an edge of the object; then the robot and the object move together as a
single rigid object until the robot ungrasps the movable object. In the particular case where
there is a single movable object, Wilfong proposes a complete planning algorithm to find a
path between an initial configuration of the robot and the object and a goal configuration.
This algorithm runs in O(n?) time after O(n®log® n) preprocessing time, where n is the total
number of vertices of the obstacles, the robot and the movable object.

Laumond and Alami [6] consider a similar problem where the robot and the movable
objects are discs in a polygonal environment. The robot can grasp the object by making
contact with it. While the robot is grasping the object, they both move together as a
single rigid object. Laumond and Alami describe a complete algorithm based on an exact
cell decomposition method previously proposed by Schwartz and Sharir [11] to plan the
coordinated paths of two independent circular robots.

Alami, Siméon and Laumond [1] describe an implemented algorithm for one robot and
several moving objects. Both the number of grasps of each object (positions of the robot
relative to the object) and the number of placements of each object in the workspace are
finite. The robot can grasp at most one object at a time and the grasped object is rigidly
affixed to the robot’s end-effector. The proposed planning method consists of considering all
possible arrangements of the robot grasping an object with the ungrasped objects in their
alloted placement. The collision-free subset of the robot in every arrangement is decomposed
into cells and the adjacency graph of these cells is constructed. The various adjacency graphs
are connected together by links expressing the various ways for the robot to go from one
arrangement to another by means of a regrasp operation. The combined graph is searched
for a path. The method has been implemented for two simple robots: a translating polygon
[1] and a three-revolute-joint arm [7].

Laumond and Alami [7] generalize the problem considered in [1] to the case where the
set of placements of the movable objects and the sets of grasp positions on these objects
are described algebraically (hence, they may contain infinitely many elements). Using an
adaptation of the general planning algorithm of Schwartz and Sharir [10], itself based on the
Collins decomposition algorithm [3], they show that the problem of finding a manipulation
path is decidable, but the time complexity of their algorithm is very high.

Our work differs from this research in several ways. Previous work has considered the
case of a single robot grasping one object at a time. We explicitly address cooperative manip-
ulation with two arms, a problem which naturally yields changes in the kinematic structure
of the robotic system. In addition, dealing with multiple arms also increases the number of



degrees of freedom that can move at a single time. In one of the implemented planners, this
led us to use randomized planning techniques introduced in [2]. Finally, our research has
been mainly experimental in nature. Rather than just investigating the problem theoreti-
cally, and show that it is provably complex (we know that!), we have implemented successive
planners and experimented with them in order to acquire the empirical understanding of the
problem that will ultimately be needed to produce a practical planner.

Several papers address the assembly planning problem (e.g., see [4]). This problem in-
volves manipulating multiple movable objects in order to construct a final assembly product
defined by the goal configuration of the composing objects. Hence, it is another form of a
manipulation problem. However, the contact relations among objects in the final product
induce strong constraints on the motion of the objects. Consequently, most of the research
has focused on finding assembly sequences that are feasible relative to these constraints. Re-
sulting planning techniques do not apply to the dual-arm manipulation problem considered
here.

Finally, the problem of grasping an object in order to achieve a grasp compatible with
the task to be performed is addressed in [14]. An object has to be picked up on a feeder and
placed at a goal configuration. Due to various constraints (obstacles, joint limits), none of the
feasible grasps at the initial configuration may be compatible with bringing the object to its
goal configuration. Tournassoud, Lozano-Pérez and Mazer describe a method for planning a
sequence of grasp/ungrasp operations by a single arm connecting an initial grasp to a final
one, with every ungrasp operations leaving the object on a table, in a stable position. Again,
this problem is significantly different from the dual-arm manipulation problem considered
here.

3 Problem Statement

We now give a more formal statement of the dual-arm manipulation problem. For sim-
plicity, we restrict this statement to cover only those problems that are pertinent to our
planners. However, it is not difficult to extend this formulation to include more complicated
manipulation problems.

We consider a two-dimensional workspace W with two arms 4, and A3, a movable object
M and fixed obstacles B;, : = 1,---,q.

Let Cy, C3, and C,; be the configuration spaces of the two arms .4; and A, and the
object M, respectively [8, 5]. The composite configuration space of the whole system is
C = C; x Cy x Cop;. Hence, a configuration q € C is of the form (qi, g2, Qos;), with q; € C,
Q2 € Ca, and qob; € Copj. Let my, mo, and mep; be the respective dimensions of the manifolds
C1, C2, and Cop; (in a two-dimensional workspace, as is the case here, we have mg; = 3). The
dimension of C is m = mj + ma + mup;. In the example of Figure 1, m; = mg = 3.

We define the C-obstacle region CB C C as the set of all configurations q € C where



two or more bodies in {A;, A2, M,By,---,B,} intersect.! We assume that all bodies are
described as closed subsets of W so that CB is a closed subset of C. Let us denote the open
subset C \ CB by Cjree and the closure of this subset by ¢l/(Cyree).

Given the geometry of all the objects in W and the location of the obstacles, a manipula-
tion problem is specified by an initial configuration q* = (a3, 3, qis;) € Csree and a goal con-
figuration q? = (q7, a3, dg;;) € Cree- A solution to the problem is a path 7 : [0, 1] — ¢l(Cyrec)
connecting these two configurations. We call 7 a dual-arm manipulation path.

However, not all paths 7 in ¢l(Cyre) are valid solutions of the manipulation planning
problem. Valid paths are further constrained by the fact that the movable object cannot
move by itself; the two arms must simultaneously grasp the object in order to move it. We
define an effector point E; on each arm A;, = = 1,2. In all our examples, F; will be the
endpoint of A4;. We also define two grasp points G; and Gy on M. The two arms can
grasp M by positioning Ej onto G; and E, onto G, or Fy onto G and E, onto G1. (The
case where the two effector points are located at the same grasp point is not allowed.) We
call grasp contact any pair of the form (E;, G;), 1,5 € {1,2}, and grasp pairing each of the
two pairings {(E1,G1), (E2,G2)} and {(E1,G2),(E2,G1)}. We assume that the connection
(E;, G]) behaves as a passive revolute joint. Hence, when the two arms hold the movable
object, they form with this object a closed loop chain with m; + ms + 2 joints.

A dual-arm manipulation path 7 is the concatenation of several subpaths 7, (k = 1,2,---).
Each subpath is:

(1) Either a one-arm transit path. One arm A; moves as an open-loop chain from one
grasp contact to the same grasp contact, while the other arm .4; and the object M are
stationary with A; grasping M. This path lies in a cross-section of C defined by the current
fixed configurations of A; and M. (This cross-section is a copy of C; in which the obstacle
region depends on the current configurations of A4; and M.) :

(2) Or a two-arm transit path. Neither of the two arms hold the movable object, and both
move as open-loop kinematic chains. Hence, the movable object is stationary. This path lies
in a cross-section of C defined by the current fixed configuration of M. (This cross-section is
a copy of C; x Cy in which the obstacle region depends on the current configuration of M.)

(3) Or a transfer path. The two arms hold the movable object and moves as a closed-loop
kinematic chain. This path lies in a subset of C of dimension m; + my — 1.

Collision-avoidance constraints are defined as follows:

- During a one-arm transit path, the moving arm should touch no obstacle, nor should
it touch the stationary arm or the movable object, except at the two ends of the path where
the arm’s effector point touches the movable object at a grasp point.

- During a two-arm transit path, the two arms should touch no obstacle, nor should they

touch each other or the movable object, except at the two ends of the path where the arms’
effector points touch the movable object at the grasp points.

1We regard joint limits in .4; and A as obstacles that only constrain the arms’ motion.



- During a transfer path, the two arms and the moving object should touch no obstacle,
nor they should touch each other, except for the contact at the grasp points.

A one-arm transit path moves an arm from a grasp contact to the same grasp contact. Its
purpose is to avoid collision of the closed-loop chain with an obstacle (or possibly the joint
limit of one of the two arms) by changing the homotopic position of the closed-loop chain
relative to one or several obstacles. A two-arm transit path may have the same purpose,
but more often it is to swap grasps (i.e., change the grasp pairing) in order to avoid collision
between the two arms, or between an arm and the movable object.

The dual-arm manipulation path 7 is an alternate sequence of transit and transfer sub-
paths. Hence, 7 = 7, e 750 .- @ 75,11, with p > 0 and “e” denoting the concatenation of
two subpaths. Each subpath 74, for an odd value of k, is a one- or two-arm transit path (for
k=1and k =2p+1, it is a two-arm transit path). Each subpath 7, for an even value of
k, is a transfer path.

In the following we denote by Cgresp C cl(Cyree) the set of collision-free configurations
achieving one of the two grasp pairings, i.e. the space in which all transfer paths lie. It
is a submanifold of C of dimension m; + my — 1. We call grasp configuration to be any
configuration in Cypqsp.

4 Planner 1

We now describe Planner 1, which solves a simplified version of the dual-arm manipulation
problem. Figures 2 and 3 show paths generated by this planner.

The first simplifying assumption is that the two arms can only collide with each other.
This is physically achieved by having the two arms move in a horizontal plane above the
plane containing the movable object and the obstacles. Grasping consists of inserting pins
located at the arms’ effector points into holes located at the grasp points of the movable
object. Hence, the only possible collisions are either between the two arms or between the
movable object and the obstacles.

The second assumption is that any two collision-free configurations of the arms are con-
nected by a collision-free path in their configuration space C; x C;. In our implementation,
this assumption is enforced by having two identical arms, each with two revolute joints not
limited by any mechanical stops; hence, at any configuration of the movable object, there are
up to eight configurations of the two arms where they can grasp the object. Indeed, there
are two possible grasp pairings and for each one, each arm may take two configurations.

These assumptions have three major consequences:

(1) The only useful transit paths are to avoid inter-arm collision (or to deal with arm
singularities, as explained later).

(2) At any configuration of the movable object, there is a collision-free path of the two
arms connecting any two grasp configurations.
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Figure 2: Manipulation Path Generated by Planner 1
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(3) The grasp configurations can be symbolically characterized by the grasp pairing and
the posture (“elbow in” or “elbow out”) of each arm. We call this characterization the type
of the grasp configuration.

Planner 1 works as follows. It computes a collision-free path of the movable object M
among the obstacles, assuming that the movable object can translate and rotate freely by
itself. The planner uses the best-first search potential field method described in [2, 5]. It
discretizes the three-dimensional configuration space Cy; into a fine regular grid. A potential
field with a global minimum at the goal configuration qf,; of M is defined over this grid
(see [2, 5] for a definition of this potential). The path of M is constructed by exploring the
configuration space grid in a best-first fashion using the potential as the cost function and
starting at the initial configuration qi;; of M. The best-first search escapes local minima,
if any, by filling them up, which is reasonable in a three-dimensional grid. The outcome of
the search, if successful, is a path 7,,; of M described as a sequence of grid configurations.

The search algorithm takes the arms into account as follows. Using the simple inverse
kinematics of the arms, it first computes the grasp configurations for the initial configuration
q.; and associates them with q,;. Then, at every reached configuration qos; (initially, Abs; )
the algorithm considers the neighbors of q.; that have not been explored yet. It selects the
neighbor q(,; with the smallest potential, computes the grasp configurations for q,;, and
verifies that at least one of them has the same type as one grasp configuration previously
associated with qo;. If this is the case, the algorithm stores qi,; at the end of the current
path, associates the computed grasp configurations (and the type) to it, and if qj; # qj;,,
continues the search from there. If this is not the case, the algorithm considers the neighbor
of qos; with the next smallest potential, and so on. If the neighborhood of q; is fully

explored without success, the algorithm backtracks.

If the algorithm succeeds and returns a path 7., the planner next generates the path of
the arms, including the ungrasp/regrasp operations. It considers the first configuration qby;
in 7,5;. One or several grasp configurations are associated with it. For each one, the planner
computes the maximal subpath of 7.;; starting at qibj such that a grasp configuration of the
same type is associated with every configuration in this subpath. The planner selects the
grasp configuration for qb,; that results in the longest subpath (call this subpath 7},; and let
T be the type of this configuration ). The path of the two arms along 7,,; is described by the
sequence of grasp configurations of type T associated with the configurations in 7,,;. Now,
let qf,; be the last configuration of 7,,;. At this configuration of M (assume that it is not yet
the end of 7,;), the arms must change the type of their grasp configuration. By construction
of Top;, 1t is guaranteed here that one of the grasp configurations associated with qg,; has the
same type as a grasp configuration associated with the successor of q5,; in 7,5;. The planner
selects the longest subpath 7 of 74; beginning at q;, whose grasp configuration type
remains valid throughout. It proceeds in the same way until the last configuration (qf,;) of
Tonj 1s attained. This algorithm minimizes the number of ungrasp/regrasp operations along

Tob g
At this point, the planner has computed the configurations of M where the arms ungrasp
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and regrasp the movable object to change the type of their grasp configuration. It remains
for the planner to construct the path of the arms to connect the two successive grasp configu-
rations at every ungrasp/regrasp operation, as well as the initial configuration of the arms to
the first grasp configuration, and the last grasp configuration to the goal configuration of the
arms. Planner 1 constructs every such path by applying the same best-first search potential
field method as above, in a discretized grid placed over the four-dimensional configuration
space of the two arms. Given the simplicity of the two arms, a more elegant solution is
probably feasible.

We said above that, along a subpath 7%;, the sequence of computed grasp configurations
of the selected type determines the path followed by the two arms. This is actually a
simplification. It corresponds to assuming that every two consecutive grasp configurations
are close enough to each other to regard the transition between them as collision-free. But
this assumption is violated when the two links of one arm are almost superposed, i.e. the arm
is near a singular configuration. In this case a small motion of the arm’s effector point may
induce big changes in the arm’s joint angles. Though the two consecutive grasp configurations
are collision-free, there may be no collision-free path of the closed-loop chain between them.
We deal with this problem as follows. We say that two grasp configurations of the same type
are close to each other if and only if the length of the motion of the second revolute joint of
each of the two arms is of the same order of magnitude (or less) as the increment along the
translational axis of the grid placed over Cp;. During the search for the path 7,;, when a
configuration q,; is considered as a potential successor of qo; (see above), it is verified that
at least one grasp configuration for q,; has the same type as a grasp configuration associated
with qep; and that the two grasp configurations are close to each other. If any two successive
configurations of the movable object in 7., admit grasp configurations of the same type that
are not close to each other, the planner stores these configurations with different internal
type names. If later two consecutive subpaths ijj and ngg-l have the same type of grasp
configuration, with two different internal names, the transition from the last configuration
of T;bj to the first configuration of 7‘32}1 is achieved by a transit path computed as if the grasp
configuration was changing type.

Figures 2 and 3 show two paths generated by Planner 1. Each path includes two regrasp
operations. The problem of Figure 2 was solved in 12 seconds. The problem of Figure 3 was
solved in 8 seconds. In both problems the size of the grid placed over Cp; was 128 x 128 x
120.

The best-first potential field method is resolution-complete [2], consequently Planner 1 is
resolution-complete. This means that if a manipulation path exists, the planner is guaranteed
to find it, provided that the resolution of the configuration space grids have been set fine
enough.
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5 Planner 2

Planner 2 addresses the same restricted problem as Planner 1, but with the important
difference that the arms now move in the same plane as the movable object and the obstacles,
and thus may collide with them. Figure 4 illustrates this new problem with a path produced
by Planner 2.

The main consequence of the extension considered here is that a change of grasp config-
uration is no longer guaranteed to be always feasible. Planner 2 deals with this difficulty by
constructing a manipulation graph similar to the one introduced in [1].

Each node of the manipulation graph represents a (maximal) connected component of
the set Cypqsp of grasp configurations. All paths lying in this subset are transfer paths.
Two nodes of the manipulation graph are joined by a (non-directed) link if and only if
there exists a transit path between a configuration in the first connected component and a
configuration in the second. Two nodes corresponding to the initial configuration q' and
the goal configuration qf of the arms and the movable object are added to the graph. The
node representing q' (resp. q) is connected to a node representing a connected component
if and only if there exists a transit path connecting q' (resp. %) to a configuration in this
component.

The planner first generates the nodes of the manipulation graph as follows. Cyrasp is
partitioned into two subspaces, each corresponding to a specific grasp pairing. Each subspace
has dimension 3. The planner discretizes each of the two subspaces into a grid and checks each
configuration in the grid for collision. A sweep algorithm groups the discretized collision-
free configurations into connected components. Since C,..s, is the configuration space of
a closed-loop chain, we construct each grid by discretizing the values of three angles, the
two joint angles of the arm A; and the joint angle at the contact point between .4; and the
movable object. The two joint angles of the other arm are derived using its inverse kinematic
equations. Since these equations have two solutions, we obtain two subgrids that we glue
together at configurations where the two links of the second arm are almost aligned (i.e., their
angle is less than one increment in the grid). Two configurations in a grid are adjacent if
they are neighbors and the corresponding configurations of the second arm are close to each
other (i.e., their joint angles differ by approximately one increment at most). The connected
components are the equivalence classes for the transitive closure of this adjacency relation.

The planner then builds the links of the graph as it searches it for a path connecting g
to q?. Assume that the search algorithm has reached some node N (initially, q') and that it
now wishes to go from N to N’. In order to proceed, it must first check that there is a link
between the two nodes. Let () and Q' denote the sets of configurations associated with N
and N’, respectively. Since a transit path does not change the moving object’s configuration,
a link between N and N’ can only exist if there exists at least one pair of configurations
in ) x Q" where the movable object has the same configuration. We call a jump point J
between N and N’ any pair q7 € @ and q’; € Q' such that the movable object has the same
configuration in g7 and q’;. The planner computes all jump points between N and N'. If
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there are none, N and N’ are not connected, and another potential successor of N must be
considered. Otherwise, the planner considers each jump point in turn. For each one (call it
J ), it searches a four-dimensional grid? placed over the two-arm configuration space C; x C,
for a path connecting q7 to q;. The planner performs a best-first search using a simple
distance function. As soon as a transit path is found the search algorithm stores N’ in the
search graph, and discards the remaining jump points. If none of the jump points result in
a transit path, N’ cannot be a successor of N. (In practice, there are often too many jump
points differing among them by small variations of the movable object’s configuration. In
our implementation, we set a maximal number of jump points that the planner may consider
to generate a transit path. Each attempted jump point is selected randomly among the
possible ones.)

The current version of the planner searches the manipulation graph in a breadth-first
fashion, starting at the initial node. It terminates successfully when the goal node is attained.
It returns failure when it cannot reach any new node.

The outcome of the search of the manipulation graph, if successful, is a sequence of
transit paths connecting connected components of Cyp45p. In general, two successive transit
paths end and begin, respectively, at different configurations. However, by construction,
these configurations are contained in the same connected component and can be joined by
a transfer path. The planner generates this path by performing a best-first search of the
connected component using a simple distance function.

Planner 2 is resolution complete when all the jump points are considered. For the path of
Figure 4 it took 7.5 minutes to generate the nodes of the manipulation graph and 5 minutes
to search for the path (and construct the required links). The maximal number of jump
points between two components of Cyrqsp Was set to 30. The joint angles were discretized
into 3-degree increments to construct the grids.

6 Planner 3

Because of the lack of redundancy of the dual-arm system used in Planner 2, many manipu-
lation problems have no solution. In order to increase the versatility of the dual-arm system,
we now consider the case where the two arms have redundant joints. For example, in Figure
1, each arm has three revolute joints.

The increase in the number of joints yields higher-dimensional configuration spaces and
makes the exhaustive techniques used in Planner 2 impractical for all non-trivial examples.
This led us to develop a third planner that uses randomized potential field planning tech-
niques. These techniques® have already been shown to be effective to plan paths for robots

?By doing so, we treat all transit paths as if they were to be two-arm transit paths; the search may,
however, produce a path that does not move one of the two arms, hence a one-arm transit path.

3Although Section 6 is self-contained at some level of abstraction, it addresses several issues whose in-
depth understanding requires prior knowledge of these techniques.
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with many degrees of freedom (see [2]). The development of Planner 3 is still at an early
stage, and the current implementation embeds several ad hoc restricting assumptions dis-
cussed below, which may prevent the planner to find a manipulation path. Figures 1 and &
show two paths generated by Planner 3.

In the course of planning a manipulation path, Planner 3 generates one-arm and two-arm
transit subpaths and transfer subpaths. Let us start with the transfer subpaths.

Because of the large dimension of Cyrqsp, Planner 3 does not attempt to precompute the
connected components of Cyrqsp. Therefore, when it plans a transfer path, it does know if the
goal configuration of the movable object M is directly attainable or not. For that it reason,
it uses an adaptation of the randomized search potential field method described in [2, §]
that allows the insertion of transit paths. The planner traces adjacent? configurations along
the negated gradient (down motion) of a potential field defined over the configuration space
grid of the closed-loop chain, until it reaches a minimum of the potential. If this minimum
is the goal (global minimum), it returns the path, otherwise it makes a bounded number of
attempts to escape it. Each attempt consists of either executing a random walk keeping the
search within the same connected component of C,4sp, Or performing a transit path making
the search jump to another connected component. The planner chooses randomly between
these two sorts of paths, which are executed as explained in the next paragraph. In the
current implementation, we use the following empirical probability distribution: 0.8 for a
random walk and 0.2 for a transit path.

A random walk to escape a local minimum is executed exactly as explained in [2] and
is immediately followed by a down motion reaching a (hopefully) new minimum. A transit
path is either a two-arm or a one-arm transit path. The type of the transit path is deter-
ministically chosen as follows. The planner collects collision statistics at the configurations
explored during the down motion before attaining the local minimum. If inter-arm collisions
predominated over collisions with obstacles, it performs a two-arm transit path; otherwise,
it perfoms a one-arm transit path of the arm that hit obstacles the most often. A transit
path is generated as explained below and is immediately followed by a down motion in the
configuration space grid placed over Cyrqsp, until it reaches a minimum of the potential.

An attempt to escape the local minimum succeeds if the newly attained local minimum
has a smaller potential; then the search proceeds from this new minimum in a depth-first
manner. If all attempts fail, the planner randomly backtracks at a configuration of the
current path (see [2]).

The current version of Planner 3 assumes that a two-arm transit path is always aimed at
swapping grasp. It computes such a path by using the same randomized planning method as
in [2], the initial configuration of this path being the local minimum that the planner tries to
escape, and the goal configuration region being the set of all grasp configurations achieving
the new grasp pairing.

In the case of a one-arm transit path, the planner uses the same randomized planning

4The adjacency of two configurations is defined as in Planner 2.
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technique. However, we now wish the moving arm to change its position relative to an
obstacle with its effector point coming back to the same grasp point G; of the movable
object. To do so, we select an obstacle randomly among those hit by the arm during the
generation of the down motion, we connect G; to the nearest point (call it P) in this obstacle,
and we treat the segment G; P as an artificial barrier not to be crossed by the moving arm.
Using a wavefront propagation algorithm similar to those described in [2], we compute a
potential field that attracts the moving arm’s effector point toward G; around the obstacle.

For both sorts of transit paths, the goal configuration is not uniquely defined, which
poses no particular difficulty to the randomized planning technique as long as there is at
least one. If there is none, this technique is in general unable to detect it and may run for
ever. One way to deal with this difficulty is to put a time limit on the search for a one- or two-
arm transit path and assume failure when this limit is attained. The implemented planner
proceeds in a different fashion, by previously verifying the existence of a goal configuration.
For example, in the two-arm transit path case, it attaches the two effector points to the
grasp points that they should attain, and moves the arms systematically through a grid
placed over the cross-section of Cyrqsp defined by the current configuration of the movable
object, until a collision-free configuration is found or the cross-section is fully explored. This
technique is practical as long as the arms have not too many joints. In our experiments we
used 3-revolute-joint arms (as shown in Figures 1 and 5). Thus a cross-section of C at a fixed
configuration of M has only dimension 2 (1 for each arm). The case of a one-arm transit
path is treated in a similar fashion, and requires the planner to explore an even smaller grid
(dimension 1).

All subpaths including random walks are smoothed by Planner 3 in a postprocessing step
[2].

Planner 3 generated the paths shown in Figures 1 and 5 with a joint angle discretiza-
tion of 3-degree increments. The paths were generated in approximately 5 and 3 minutes,
respectively. However, the planner also failed to generate paths for similar problems that
had a solution (actually, the planner did not return failure, but we stopped it after a long
computation time). Such failures became even more frequent as we increased the number of
obstacles in the workspace.

The failures of Planner 3 seem to be mostly caused by three design assumptions made
above:

(1) Only one-arm transit paths are attempted to change the homotopic position of the
closed-loop chain relative to the obstacles (two-arm transit paths are only aimed at swapping
grasp). However, there are cases where a one-arm transit path cannot be generated because
of obstruction by the current configuration of the other robot.

(2) The construction of barriers to create potential fields forcing an arm to move around
one or several obstacles is too simplistic. It works well when there are few obstacles, but it
seem to become inadequate when the number of obstacles augment, explaining the failures
of the planner when we increased the number of obstacles.
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(3) Transit paths are only executed upon reaching local minima of the potential. There
is no guarantee that this is sufficient. Perhaps transit paths should also be inserted during
down motions of the potential. The issue here is more subtle, and we have no obvious
experimental examples so far where the planner failed because of this restriction.

There are several ways to eliminate or alleviate these assumptions. However, the difficulty
is that each modification of the current planner tends to have undesirable side-effects, such
as increasing the running time for simple problems. We think that improving the planner
requires a significantly better understanding of the phenomena sketched above than we now
have. We currently try to develop this understanding by analyzing theoretical models of the
connectivity of the composite configuration space, and by conducting additional experiments
with the planner.

7 Conclusion

We have described a new motion planning problem, which we call dual-arm manipulation
planning. This problem occurs in various tasks aimed at moving long and/or heavy objects.
For example, in the construction domain, using multiple arms to move pipes could result in
more cost-effective manipulation and yield major improvements in productivity and safety.
In space, the construction of truss structures will require manipulating long beams with
light-weight arms.

We have described three implemented planners that solve increasingly complicated ver-
sion of the dual-arm manipulation problem. The first two planners use systematic techniques
to search through configuration space grids. They are resolution-complete, but they can only
deal with arms with few degrees of freedom. The third planner uses randomized search tech-
niques that allow it to deal with more degrees of freedom. However, in its current version,
it embeds ad hoc assumptions that significantly affect its reliability.

Our current work is mainly aimed at improving Planner 3. Our future work will address
manipulation planning in three-dimensional workspaces. In such workspaces, the stability of
the moving object during regrasp operations will become critical, and perhaps we will have
to use more than two arms to address this issue. We also expect to address dynamic issues.
Indeed, in the manipulation of long/heavy objects, regrasp operations may be suitable, not
only to avoid collisions, but also to improve the dynamic characteristics of the overall robotic
system and reduce manipulation time.
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