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Abstract. Rearranging objects on a planar surface arises in a variety of
robotic applications, such as product packaging. Using two arms can im-
prove efficiency but introduces new computational challenges. This paper
studies the structure of dual-arm rearrangement for synchronous, mono-
tone tabletop setups and develops an optimal mixed integer model. It
then describes an efficient and scalable algorithm, which first minimizes
the cost of object transfers and then of moves between objects. This is
motivated by the fact that, asymptotically, object transfers dominate
the cost of solutions. Moreover, a lazy strategy minimizes the number
of motion planning calls and results in significant speedups. Theoreti-
cal arguments support the benefits of using two arms and indicate that
synchronous execution, in which the two arms perform together either
transfers or moves, introduces only a small overhead. Experiments sup-
port these points and show that the scalable method can quickly compute
solutions close to the optimal for the considered setup.

1 Introduction

Automation tasks in industrial and service robotics, such as product packing or
sorting, often require sets of objects to be arranged in specific poses on a planar
surface. Efficient and high-quality single-arm solutions have been proposed for
such setups [18]. The proliferation of robot arms, however, including dual-arm
setups, implies that industrial settings can utilize multiple robots in the same
workspace (Fig 1). This work explores a) the benefits of coordinated dual-arm
rearrangement versus single-arm, b) the combinatorial challenges involved and
c) computationally efficient, high-quality and scalable methods.

A motivating point is that the coordinated use of multiple arms can result in
significant improvements in efficiency. This arises from the following argument.

Lemma 1. There are classes of tabletop rearrangement problems, where a k-
arm (k ≥ 2) solution can be arbitrarily better than the optimal single-arm one.

For instance, assume two arms that have full (overhand) access to a unit
square planar tabletop. There are n objects on the table, divided into two groups
of n2 each. Objects in each group are ε-close to each other and to their goals. Let
the distance between the two groups be on the order of 1, i.e., the two groups are
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Fig. 1. Example of dual-arm setups that can utilize algorithms proposed in this work.

at opposite ends of the table. The initial position of each end-effector is ε-close to
a group of objects. Let the cost of each pick and drop action be cpd, while moving
the end-effector costs ct per unit distance. Then, the 2-arm cost is no more than
2ncpd + 2nεct. A single arm solution costs at least 2ncpd + (2n − 1)εct + ct. If
cpd and ε are sufficiently small, the 2-arm cost can be arbitrarily better than the
single-arm one. The argument also extends to k-arms relative to (k − 1)-arms.

In most practical setups, the expectation is that a 2-arm solution will be
close to half the cost (e.g., time-wise) of the single-arm case, which is a desirable
improvement. While there is coordination overhead, the best 2-arm solution
cannot do worse; simply let one of the arms carry out the best single arm solution
while the other remains outside the workspace. More generally:

Lemma 2. For any rearrangement problem, the best k-arm (k ≥ 2) solution
cannot be worse than an optimal single arm solution.

The above points motivate the development of scalable algorithmic tools for
such dual-arm rearrangement instances. This work considers certain relaxations
to achieve this objective. In particular, monotone tabletop instances are con-
sidered, where the start and goal object poses do not overlap. Furthermore, the
focus is on synchronized execution of pick-and-place actions by the two arms. i.e.,
where the two arms simultaneously transfer (different) objects, or simultaneously
move towards picking the next objects. Theoretical arguments and experimental
evaluation indicate that this does not significantly degrade solution quality.

The first contribution is the study of the combinatorial structure of syn-
chronous, monotone dual-arm rearrangement. Then, a mixed integer linear pro-
gramming (MILP) model is proposed that achieves optimal coordinated solutions
in this domain. The proposed efficient algorithm Tour Over Matching (TOM) sig-
nificantly improves in scalability. TOM first optimizes the cost of object transfers
and assigns objects to the two arms by solving an optimal matching problem.
It minimizes the cost of moves from an object’s goal to another object’s start
pose per arm as a secondary objective by employing a TSP solution. Most of the
computation time is spent on the many calls to a lower-level motion planner that
coordinates the two arms. A lazy evaluation strategy is proposed, where motion
plans are evaluated for candidate solution sequences. This results in significant
computational improvement and reduces the calls to the motion planner. An
analysis studies the expected improvement in solution quality versus the single
arm case, as well as the expected cost overhead from a synchronous solution.

Finally, experiments for i) a simple planar picker setting, and ii) two 7-
DOF Kuka arms, demonstrate a nearly two-fold improvement against the single
arm case for the proposed approach in practice. The algorithm exhibits close to
optimal solutions and good scalability. The lazy evaluation strategy significantly
improves computation costs for both the optimal and proposed methods.



2 Related Work

The current work dealing with dual-arm object rearrangement touches upon the
challenging intersection of a variety of rich bodies of prior work. It is closely
related to multi-robot planning and coordination where a challenge is the high
dimensionality of the configuration space. Optimal strategies were developed
for simpler instances of the problem [35], although in general the problem is
known to be computationally hard [33]. Decentralized approaches [40] also used
velocity tuning [24]. General multi-robot planning tries to plan for multiple high-
dimensional platforms [42, 14] using sampling-based techniques. Recent advances
provide scalable [34] and asymptotically optimal [9] sampling based frameworks.

In some cases, by restricting the input of the problem to a certain type,
it is possible to cast known hard instances of a problem as related algorithmic
problems which have efficient solvers. For instance, unlabeled multi-robot motion
planning can be reduced to pebble motion on graphs [1]; pebble motion can be
reduced to network flow [46]; and single-arm object rearrangement can be cast
as a traveling salesman problem [18]. These provide the inspiration to closely
inspect the structure of the problem to derive efficient solutions.

In this work we leverage a connection between dual-arm rearrangement and
two combinatorial problems: (1) optimal matching [10] and (2) TSP. On the
surface the problem seems closely related to multi-agent TSP. Prior work has
formulated the k-TSP solution in terms of splitting a single tour [11] or as an op-
timization task [27]. Some work [12] deals with asymmetric edge weights which
are more relevant to the problems of our interest. The problem can be posed as
an instance of multi vehicle pickup and delivery (PDP) [26]. Prior work [7] has
applied the PDP problem to robots, taking into account time windows and robot-
robot transfers. Some seminal work [23, 29] has explored its complexity, and con-
cedes to the hardness of the problem, while others studied cost bounds [38], and
proposed ILP formulations [29]. Typically this line of work ignores coordination
costs, though some methods [5] reason about it on candidate solutions.

Navigation among movable objects deals with the combinatorial challenges of
multiple objects [43, 39] and has been shown to be a hard problem, and extended
to manipulation applications [37]. Despite a lot of interesting work on challenges
of manipulation and grasp planning, the current work shall make assumptions
that avoid complexities arising from them. Manipulators opened the applica-
tions of rearrangement planning [3, 25], including instances where objects can
be grasped only once or monotone [37], as well as non-monotone instances [19,
36]. Efficient solutions to assembly planning problems [44, 17] typically assumes
monotonicity, as without it the problem becomes much more difficult. Recent
work has dealt with the hard instances of task planning [4, 6] and rearrangement
planning [21, 22, 18]. Sampling-based task planning has made a recent push to-
wards guarantees of optimality [41, 30]. These are broader approaches that are
invariant to the combinatorial structure of the application domain. The current
work draws inspiration from these varied lines of research.

General task planning methods are unaware of the underlying structure stud-
ied in this work. Single-arm rearrangement solutions will also not be effective




