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Starting Point: Motion Planning

Industrial Manipulation

Traditional Setup: Piano-Mover’s Problem

Jean Claude Latombe, Stanford

Geometric Problems

Kostas Bekris

James Kuffner, CMU
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Multi-robot case: “Warehouseman’s Problem’

Initially the focus was on complete algorithms and
studying the complexity of the problem

Schwartz and Sharir, 1983
On the piano movers' problem: lll. Coordinating the motion
of several independent bodies

* First to provide a complete algorithm
— Coordinating disk-robots in the plane
— Exponential complexity in the number of robots

Hopkroft, Schwartz and Sharir, 1984
On the complexity of motion planning for multiple independent objects;
PSPACE-hardness of the “Warehouseman's problem”

» Suggested that the exponential running time in some cases is
unavoidable

— Rectangular robots bound in a rectangular region is PSPACE-
hard in the number of robots
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Discrete Multi-agent Pathfinding

Remove the complexity of reasoning about the geometry
— Employ a graph-based abstraction

* Finding optimal solutions is an NP-complete problem

Ratner and Warmuth, 1986, Finding a Shortest Solution for the N*N-extension of the 15-puzzle is intractable

* But ideas towards efficient heuristic search are actively
pursued
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Standley 2010, 2011 Wagner, Choset 2011 Sharon et. al. 2011
Operator Decomposition M* ICTS



Discrete Multi-agent Pathfinding

* Sequential, suboptimal solutions can be achieved in
polynomial time!

Kornhauser, Miller and Spirakis ‘84,
Coordinating Pebble Motion on Graphs, The Diameter of Permutation Groups, and Applications

* Concrete algorithms for subcases have been proposed
and their implementations do scale well
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Push and Swap




Discrete Abstractions = Continuous Solutions

How can we utilize discrete and combinatorial solutions
for multiagent pathfinding to get intuition about
continuous domains?



Apply a Grid over the Workspace

* Sufficient in some applications

* Difficult to provide some form of completeness
* Worse approximation in the multi-agent case

* Need to operate in the configuration space



Roadmap-based Approach

For simplicity, assume all agents have same geometry

1. Build a graph G in the configuration space C for

—Nodes correspond to an agent’s collision-free
configuration

* they could still be on a grid, but a grid in C
—Edges correspond to local collision-free paths

between configurations

—Make sure start and goal
configurations are connected
to the graph




Roadmap-based Approach

* Once the roadmap is computed

—Run the combinatorial multi-agent pathfinding
algorithm on the roadmap

—If a solution is not found,
* either compute a higher resolution grid or
e perform additional sampling

* Objective:
— Resolution or probabilistic completeness

Sufficient??



* There is no guarantee that two agents occupying

different configurations on G
will not be colliding

* G must satisfy the following constraints: .

1. Two agents occupying distinct vertices will never collide

2. Anagent occupying a vertex will never collide with an agent
traversing an edge not connected to the vertex

3. Two agents traversing two distinct edges will never collide
(not necessary for a sequential discrete solution)

If discrete algorithm returns a solution, it can be
translated to a continuous path



e Easy to adapt the sampling process so as to satisfy
above constraints:

— Collision checker considers existing edges and
vertices as obstacles

* Very quickly it will not be possible to add new vertices

and edges

— Due to intersections I
with existing roadmap features

—Not easy to even argue 1
weak forms of completeness l




1. Relocating Roadmap Nodes
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e After a roadmap is built: %
—Move nodes around so that

* No collisions with obstacles
* No collisions with other nodes/edges

—But maintain topological properties

* Relatively easy post-processing step

* No guarantee that a new location will be found for all
intersecting nodes



2. Merging Nodes

* Merge multiple intersecting nodes
into super-nodes

— only one agent is allowed to
occupy a configuration under
a super-node

— a path exists connecting the nodes
* This change, however, changes the original graph
— reduces the available nodes

* may cause discrete algorithm to fail
— and changes the connectivity properties of the graph



3. Addressing Intersections

 Get a solution and then deal with the intersections

* Use intermediate “garage” configurations for the robots
to avoid collisions

* Similarly for edges
* Not guarantee that intermediate position will be found



3. Addressing Intersections

e Get a solution and then deal with the intersections

* Use intermediate “garage” configurations for the robots to
avoid collisions

* Similarly for edges
* No guarantee that intermediate position will be found
— A solution may not be found if one exists



3. Addressing Intersections

 Get a solution and then deal with the intersections

* Possible to also search directly in the continuous space after
the discrete solution has been acquired

—e.g., with RRT or some form of search in the configuration
space
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4. Transferring Primitives to the Continuous Space

 Similar primitives as Push and Swap but in the
continuous space

* Potentially a roadmap
and a discrete solution
are not needed at all:

Path of A
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Start of A Critical Point a Critical Point b Goal of A



Other Directions in Multi-Robot Planning

Prioritized Multi-Robot Planning

[van den Berg, Overmars, 05]

start goal
configuration configuration
Initial
Velocity Tuning
[O’Donnell and Lozano-Perez, ‘89] |*1
Or Acceleration Tuning
[Peng, Akella, 05] b,
Goal

A

Incremental Coordination

[Saha, Isto, 07]

Goal

Initial




A Recent Approach

k-Color Multi-Robot Motion Planning
[Solovey, Halperin WAFR ‘12] 21 kr 2?

Utilization of a variant of the |A;
Pebble Motion on Graph problem ) \

in the continuous domain

G

2
Able to quickly figure out if two composite

configurations can be connected
3 2 by checking a permutation signature



Another Related Exciting Line of Work

Planning for Movable Bodies

SOKOBAN-like challenges
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[van den Berg, Stilman, Kuffner, Lin, Manocha
WAFR ‘08]




