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ABSTRACT

This thesis focuses on the development of algorithms and tools for incorporating geo-

metric constraints in robot motion planning. We consider two types of motion planning

problems: (1) We first look at point-to-point motion planning for a single robot in the

presence of geometric, kinematic, and dynamic constraints. (2) We then look at multiple

robot path planning problems where the robots are required to visit a set of points in the

presence of geometric constraints.

Point-to-point robot motion planning, i.e., obtaining control inputs to move the

robot from one state to another, taking into consideration geometric, kinematic, and dy-

namic constraints is a fundamental problem in realizing autonomous robotic systems.

Collision detection and dynamic simulation are two important modules that form an inte-

gral part of current sampling based randomized motion planners. The collision detection

module ensures that the geometric constraints are satisfied and the dynamic simulation

module ensures that the state evolution satisfy the differential constraints. Most research

in sampling based motion planning algorithms treat these two modules as a black-box and

use them to only obtain an input giving a feasible trajectory; an input is rejected if there

is any collision along the trajectory. In the first part of this thesis, we show that using a

complementarity based formulation of the dynamics, we can use the collision information

to modify the applied inputs and obtain inputs that ensure a collision free trajectory. This

is useful in applications where collision avoidance is the primary requirement. However,

in the presence of intermittent contact between the robot and objects in the environment

as seen in applications like grasping, manipulation, locomotion, the presence of contact

makes accurate dynamic simulation challenging. Consequently, we study the sources of

errors in current dynamic simulators.

The primary sources of stability and accuracy problems in state-of-the-art time step-

pers for multibody systems are (a) the use of polyhedral representations of smooth bodies,

(b) the decoupling of collision detection from the solution of the dynamic time-stepping

subproblem, and (c) errors in model parameters. We focus on formulations, algorithm

development, and analysis of time-steppers to eliminate the first two error sources. As
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a partial solution to problem (a) above, we provide distance computation algorithms for

convex objects modeled as an intersection of implicit surfaces. The use of implicit sur-

faces to describe objects for dynamic simulation is impaired by the lack of algorithms to

compute exact distances between implicit surface objects. In contrast to geometric ap-

proaches developed for polyhedral objects, we formulate the distance computation prob-

lem as a convex optimization problem and use a primal-dual interior point method to

solve the Karush-Kuhn-Tucker (KKT) conditions obtained from the convex program. For

the case of polyhedra and quadrics, we establish a theoretical time complexity of O(n1.5),

where n is the number of constraints; in practice the algorithm takes linear time. We

then provide solutions for problem (a) and (b) described above for simulating multibody

systems with intermittent contact by incorporating the contact constraints as a set of com-

plementarity and algebraic equations within the dynamics model. This enables us to

formulate a geometrically implicit time-stepping scheme (i.e., we do not need to approxi-

mate the distance function) as a nonlinear complementarity problem (NCP). The resulting

time-stepper is therefore more accurate; further it is the first geometrically implicit time-

stepper that does not rely on a closed form expression for the distance function. We first

present our approach assuming the bodies to be rigid and then extend it to locally com-

pliant or quasi-rigid bodies. We demonstrate through example simulations the fidelity of

this approach to analytical solutions and previously described simulation results. This

distance computation and dynamic simulation work may also be of interest outside of

robot motion planning to applications in mechanical design and haptic interaction.

For multiple robot systems, the task requirements can also lead to geometric con-

straints and the system performance depends on task allocation to the robots in the pres-

ence of geometric constraints. In the second part of this thesis we study such a problem,

namely, path planning for multiple robots (say K) required to cover a point set in the pres-

ence of inter-robot geometric constraints so that the task completion time is minimized.

Robotic point set coverage tasks occur in a variety of application domains like electronic

manufacturing (laser drilling, inspection, circuit board testing), automobile spot welding,

and data collection in sensor networks. We look at problems where the robots have to

(a) spend some time at each point to complete a task (we call this time processing time

of each point) and (b) satisfy given geometric constraints (like collision avoidance) while
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covering the point set. In the absence of the geometric constraints and assuming the pro-

cessing times to be zero, the path planning problem for multi-robot point set coverage

tasks can be treated as a K-Traveling Salesman Problem (K-TSP). However the path

planning problem with inter-robot geometric constraints hasn’t been treated extensively

in the literature. As example application, we consider an industrial microelectronics man-

ufacturing system with two robots, with square footprints, that are constrained to translate

along a line while satisfying proximity and collision avoidance constraints. The N points

lie on a planar base plate that can translate along the plane normal to the direction of

motion of the robots. The geometric constraints on the motions of the two robots lead to

constraints on points that can be processed simultaneously.

We use a two step approach to solve the path planning problem: (1) Splitting Prob-

lem: Assign the points to the K robots subject to geometric constraints, such that the

total processing time is minimized. (2) Ordering Problem: Find an order of process-

ing the split points by formulating and solving a multi-dimensional Traveling Salesman

Problem (TSP) in the K-tuple space with an appropriately defined metric to minimize

the total travel cost. For K = 2, the splitting problem can be converted to a maximum

weighted matching (MWM) problem on a graph and solved optimally in O(N3) time.

The matching algorithm takes O(N3) time in general and is too slow for large datasets.

Therefore, we also provide a O(N2) time greedy algorithm and prove that the ratio of the

total greedy processing time to optimal processing time is within 3/2. For the special case

where all the points have equal processing times we provide a O(N log N) time greedy

algorithm. We provide computational results showing that the greedy algorithm solutions

are very close to the optimal solution for typical industrial datasets. We also provide com-

putational results for the ordering problem and propose local search based heuristics to

improve the TSP tour. Further, we give computational results showing the overall perfor-

mance gain obtained (over a single robot system) by using our algorithm. We also extend

our approach to a K-robot system and give computational results for K = 4.
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