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ABSTRACT

Motion Planning Algorithms for a Group of Mobile Agents. (August 2008)
Mayank Lal, B.Tech, Indian Institute of Technology, Kharagpur;
M.S., Texas A&M University

Chair of Advisory Committee: Dr. Suhada Jayasuriya

Building autonomous mobile agents has been a major research effort for a while
with cooperative mobile robotics receiving a lot of attention in recent times. Motion
planning is a critical problem in deploying autonomous agents. In this research we
have developed two novel global motion planning schemes for a group of mobile agents
which eliminate some of the disadvantages of the current methods available. The first
is the homotopy method in which the planning is done in polynomial space. In this
method the position in local frame of each mobile agent is mapped to a complex
number and a time varying polynomial contains information regarding the current
positions of all mobile agents, the degree of the polynomial being the number of
mobile agents and the roots of the polynomial representing the position in local
frame of the mobile agents at a given time. This polynomial is constructed by finding
a path parameterized in time from the initial to the goal polynomial (represent the
initial and goal positions in local frame of the mobile agents) so that the discriminant
variety or the set of polynomials with multiple roots is avoided in polynomial space.
This is equivalent to saying that there is no collision between any two agents in going
from initial position to goal position. The second is the homogeneous deformation
method. It is based on continuum theory for motion of deformable bodies. In this
method a swarm of vehicles is considered at rest in an initial configuration with no
restrictions on the initial shape or the locations of the vehicles within that shape. A

motion plan is developed to move this swarm of vehicles from the initial configuration
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to a new configuration such that there are no collisions between any vehicles at
any time instant. It is achieved via a linear map between the initial and desired
final configuration such that the map is invertible at all times. Both the methods
proposed are computationally attractive. Also they facilitate motion coordination

between groups of mobile agents with limited or no sensing and communication.
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CHAPTER I

INTRODUCTION
Autonomous mobile agents have many potential applications, with a lot of research [1,
2, 3] being done to equip them with better capabilities. Groups of mobile agents which
engage in collective behavior have been of interest lately. There are several reasons
for this. The complexity of the task may make it infeasible or impossible for a single
mobile agent to accomplish or the performance of a single agent may be much worse
than a system of multiple agents. Also it would be much more economically viable to
build many cheap mobile agents to achieve sub tasks than a single sophisticated agent
for the overall task. Multiple mobile agents are advantageous in terms of flexibility and
fault tolerance too. Also multiple mobile agents which exhibit cooperative behavior
can yield insights into social and life sciences. Hence multiple mobile agents can
achieve tasks which cannot be done by single mobile agents, however powerful they

are because of the inherent spatial limitation of single mobile agents.

A. Cooperative Mobile Robotics and Motion Planning

Cooperative mobile robotics as the name indicates is the field of engineering in which
groups of mobile agents engage in accomplishing a common task. Motion planning
is one of the aspects of cooperative robotics. One of the key driving forces for the
development of cooperative robotics is the need to reduce human intervention in
dangerous applications. There is an element of danger in applications such as toxic
waste cleanup, fire fighting, search and rescue, border surveillance, decommission-

ing of nuclear plants, emergency management etc.. Groups of robots with sensors

The journal model is IEEE Transactions on Automatic Control.



mounted on them can be dispatched to do these tasks autonomously. Thus with the
use of cooperative robotics the risk to humans can be considerably reduced. Other
potential applications include automated highway systems [12], [13], box pushing
(14, 15, 16, 17, 18, 19, 20, 21], foraging[22, 23, 24, 25, 26, 27, 28, 29, 30|, ,scientific
data collection and industrial automation. Automated highway systems will help
reduce traffic congestion and accident rates while applications such as industrial au-
tomation eliminate fatigue to humans caused by monotonous and repetitive jobs. It
is also envisaged that autonomous mobile agents will play a big role in future warfare.

Cooperative robotics has it’s roots in some of the early works in 1940’s when Grey
Walter, Wiener and Shannon experimented with turtle-like robots having touch and
light sensors. These robots showed complex social behavior in response to each other’s
movement [4]. There was active interest in the study of coordination of multiple
intelligent agents in the field of distributed artificial intelligence in the 1970’s [5]
though it involved software agents. Towards the latter part of 1980’s there was a lot
of activity in the field of cooperative robotics. Numerous projects such as CEBOT
6], SWARM [7], ACTRESS [8] and GOFER [9] were conducted. Most of these
projects were done mainly in simulation though more recent work [10], [11] have done
experimental work towards establishing cooperative robotic systems.

While cooperative robotics has a number of aspects such as group architecture,
resolving resource conflicts, origins of cooperation and learning, we cover the geo-
metric aspect in our work, i.e. motion planning for multiple mobile agents in two or
three dimensional world. In other words, fundamental to the creation of a coopera-
tive robotic system is the ability to move a group of mobile agents from a reference
configuration A to a goal configuration B. This requires many local processes and
decisions to be made. A mobile agent must be able to process data from onboard

sensors for motion planning through different, dynamic terrains by detecting and



avoiding obstacles as required. Global motion planning is the first level of achieving

such a mission and we address this problem in this dissertation.

B. The Problem and Motivation

1. The Problem

We consider the problem of planning the motion of a group of mobile agents from an
initial configuration to a final configuration such that there is no collision between
the mobile agents and the mobile agents with stationary obstacles in the environ-
ment. We have considered both two dimensional and three dimensional cases. In
practical situations there could be instances when there are moving obstacles in the

environment but is outside the scope of our this work.

2. Motivation

The main motivation behind this work has been the development of algorithms that
are computationally attractive and require limited or no communication and sensing
between the mobile agents for their implementation. A reduction in computational
complexity helps minimize the computational cost. Minimizing communication and
sensing on the other hand helps reduce the cost involved to facilitate it and also the
issue of uncertainty and loss of communication. The developed methods in their cur-
rent form though have some limitations in that they do not incorporate mobile agent
failures and uncertainty in controlling the agents along the trajectories generated by
the methods. There is potential for removing these limitations with a certain amount
of communication between the agents and sensing of the current positions of the
agents for feedback. Despite the limitations the developed methods are very promis-

ing from a computational point of view and require limited or no communication and



sensing between agents for their implementation.

C. Existing Work and Their Deficiencies

The motion planning problem of multiple mobile agents or the multimover’s problem
arose initially in an automated factory where mobile agents moved parts from the
warehouse to assembly stations. The mobile agents needed to avoid each other and
stationary obstacles in the factory. Developing an exact and efficient algorithm for
the generalized multimover’s problem is unlikely and several algorithms are available
for special cases. Centralized methods like the cell decomposition and potential field
methods were used initially to solve this problem. Centralized method is an approach
in which the group of mobile agents is treated as a composite robot and the mo-
tion plan of this composite robot is planned through obstacles. In [38] this problem
is solved for an arbitrary number of moving objects using the cell decomposition
method. The algorithm proposed in the paper has computational complexity which
is polynomial in the number of smooth surfaces of obstacles and exponential in the
number of degrees of freedom of the mobile agents. In [39] the problem was restricted
and solved in two dimension considering circular mobile agents while [40] analyzed
the same problem using the retraction method. Later in [41] the cell decomposition
approach was used for planning the coordinated motion of convex polygonal mobile
agents among polygonal obstacles. In [42] cell decomposition along with dynamic
programming was used to solve the problem. In [43, 44] a potential field approach
is taken to solve the problem. In [45] a combination of randomized searching and
potential fields is used to plan the motion of multiple translating robots. In recent
years motion planning algorithms which use random sampling, like the probabilis-

tic roadmap (PRM) planners [46, 47] have gained popularity due to their efficiency



and simplicity. Centralized methods using PRM have been developed for solving the
motion planning problem for multiple agents [48, 49]. The issue with centralized
planning is that the time complexity of the algorithms are exponential in the dimen-
sion of the composite configuration space. It’s been shown in [50, 51] that even the
supposedly simpler problem of motion planning of multiple rectangles is P-SPACE
complete. To resolve this issue methods were developed in which the path of each
robot was planned more or less separately and then interactions between the paths
were considered [52]. This approach is called the decoupled planning approach which
was introduced in [53] to solve the problem involving multiple moving objects. There
are two decoupled planning approaches, prioritized planning and path coordination.
In prioritized planning [54, 55] the motion planning of each robot is done one at a
time with the order of planning according to priority. Each robot needs to be assigned
a priority which may be done randomly or using motion constraints. In [56] the pri-
orities are assigned to the mobile agents in a way that the number of mobile agents
moving in straight lines from the initial to the final configuration is maximized. The
other decoupled approach, path coordination was proposed in [57, 58]. This method
is based on a scheduling technique for dealing with limited resources[59]. The no-
tion of coordination diagram was used in [57] and later analyzed for manipulators in
[60, 61]. On similar lines roadmap coordination [62, 63] was used to plan the motion
of multiple robots. The problem with decoupled approaches is that despite gains in
terms of computational complexity compared to centralized methods, there is loss of
completeness. We have developed two approaches for solving the motion planning
problem for multiple agents. The first is the homotopy approach and the second is
the continuum approach. Both these approaches are promising from a computational
point of view. The homotopy approach is based on finding roots of a polynomial and

since Newton Raphson method can you used to calculate the roots, it is promising



from a computational point of view. The continuum approach on the other hand is
based on the idea of finding a motion map between the initial and final configura-
tion which is a homeomorphism. The time complexity of the continuum approach is
the complexity of calculating values of the polynomial and trigonometric functions
which are the elements of this map which transform the agents from one position
to another. The continuum approach has the added advantage of being completely
scalable. Apart from the potential advantage in terms of complexity, the homotopy
and the continuum approaches are attractive because of their inherent simplicity.
The planning using the homotopy approach is done in polynomial space rather than
complex composite configuration spaces. The trajectory planning of each agent is
done simply by calculating the roots of a time varying polynomial. Similarly the
continuum approach generates trajectories of the mobile agents simply through time
varying linear maps of the initial positions of the agents.

Another approach in literature for the motion coordination of multiple agents
is the distributed approach [65, 64, 66, 67, 68]. In this approach the mobile agents
sense and communicate with their neighbors and compute their paths individually.
There exist good techniques for modeling individual behavior within a group in virtual
environments such as Reynolds boids [69], based on each agent solely observing its
local environment. This concept is called flocking. Reynolds extended the idea so
as to include autonomous reactive behaviour [70]. Also there is the social potential
field technique in which the desired behavior of groups of mobile agents is created by
defining certain force fields between the agents [71]. The issue with the distributed
approach is that since agents are not assumed to have global information about the
environment, only very simple navigation and planning tasks can be handled, i.e.,
these methods cannot be used if complex navigation is required, such as in cities.

On the other hand global motion planning algorithms such as the methods we have



developed in our this work can handle complex environments. Also since only local
information is available in the approaches developed in [69, 70, 71] the agents may get
stuck in cluttered environments and split up. In other words the agents do not move
as a coherent group. The homotopy and continuum approaches do not present issues
such as incoherence that is seen in distributed approaches such as flocking in which
the agents split when they encounter an obstacle. The agents move as a coherent
group. The distributed approaches also require the agents to sense and communicate
with neighboring agents with the computational load of the agents increasing with
increase in the number of neighbors. If each agent is given the polynomial and the
initial positions in the homotopy approach, they can generate and track their paths in
a distributed fashion with no communication and sensing .The continuum approach
has similar properties with the agents generating and tracking their paths with no

communication and sensing, given the homogeneous maps.

D. Our Contribution

Our contribution in this dissertation has been the development of two novel global
motion planning methods. These methods are novel as they require no communication
and sensing for their implementation and are very promising from a computational
point of view. The first is based on homotopy of polynomials while the second is
based on continuum theory. Both these methods are formation to formation motion
planning methods with deformation and translation of a group of mobile agents such
that collision between any two agents is avoided in going from an initial configuration
A to a final desired configuration B. In the developed methods it is assumed that the
global plan can be segmented in such a way that the required motion plan from a start

position to a goal position consists of a number of well defined configurations (position



and possibly shape). For example, this can mean a set of intermediate configurations
C; defining the motion AC;CyC5.....Cy.... B (effectively combined spatial and temporal
waypoints). This necessarily means that all we have to be concerned is with the
motion from one given reference configuration Ag to a final configuration B, with
minimal or no intermediate path constraints other than the motion plan being collision
free. We have also extended the methods to handle stationary obstacles. There has
been research related to motion planning in a road network environment [31, 32, 33,
34] which is essentially 1-D. In our work though we consider both 2-D plane and the

3-D space.

1. Homotopy Approach

This approach is based on homotopy of polynomials. The motion plan consists of
deformation and translation. The deformation of the group is brought about by
finding roots of a polynomial which does not have multiple roots. The translation of
the group is brought about by bounding the group by a disc and planning the motion
of the disc as a single agent through stationary obstacles. In [35] too polynomials
are used to represent configurations of robots in formations and the straight line
polynomial path has been used as a local planner for generating paths for robots. In
our work though we generate trajectories for robots by ensuring that the polynomial
stays away from the space of polynomials having multiple roots. We solve the cases
in which the mobile agents are moving in two dimensional and three dimensional
workspace using this approach. We also implement the motion plan generated using
the approach on a group of non holonomic agents using the controller proposed in

[36].



2. Continuum Approach

This approach is based on continuum theory according to which if we can find a
motion map between the start and goal configurations which is a homeomorphism,
the agents will occupy unique positions at all times. This will ensure that there is
no collision between the agents at any time. We extend the approach to the case in
which there are stationary obstacles in the environment by bounding the group by
a rectangular box which can deform, translate and rotate as has been done in [37].
Since we assume initially that the mobile agents are point objects, we develop a way
to handle finite sized agents using this approach. The motion plan is implemented

on a group of non holonomic agents using the controller proposed in [36].

E. Organization of the Dissertation

The rest of this dissertation is organized as follows. In Chapter II we pose the motion
planning problem of moving a group of agents from an initial configuration to a final
configuration. In Chapter IIT we develop a homotopy approach for it’s solution. We
first consider a straight line path in polynomial space for planning the change of shape
of the group and show a way to check whether the polynomial path has multiple roots.
We then develop a potential field approach of finding this polynomial path. Next we
have developed a way to plan the motion of the group through stationary obstacles.
We have also implemented the motion plan on a group of non holonomic mobile agents
and extended the homotopy approach to handle agents moving in three dimension.
In Chapter III we solve the problem posed in Chapter II for moving a swarm
of agents from an initial configuration to a final configuration using the continuum
approach. The method is based on continuum theory which suggests that as long

the motion map between the initial to the final configuration is a homeomorphism,
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each agent will occupy a unique position in all the intermediate configurations. We
initially assume that the agents are point objects but we have also developed a way to
handle finite sized agents. We have also shown a way to handle stationary obstacles
in the environment and implemented the motion plan on a group of non holonomic
agents.

Concluding remarks and future work are in Chapter V.
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CHAPTER II

GLOBAL MOTION PLAN FOR SWARMS
Moving a group of mobile agents from an initial configuration to a final configuration
without collisions is fundamental to building cooperative robotic systems. In this
chapter we formulate the problem of moving a group or a swarm of mobile agents
from an initial configuration to a final configuration.

As stated in Chapter I there are a number of applications of cooperative robotic
systems such as foraging, box pushing, target tracking etc. Many of these applica-
tions are inspired by biological systems such as swarms of birds, bees and herds of
bisons which are quiet prevalent in nature. They all demonstrate swarming behavior
to maximize their chances of finding food and to avoid predators. To achieve the
applications stated above we need to plan the motion of swarms or groups of mobile
agents from an initial to final configuration such that there are no collisions between
agents. Also in a real world scenario, apart from avoiding collisions with each other
the mobile agents should avoid collisions with stationary obstacles in the environ-
ment. These obstacles could be like rocks, trees, cliffs, walls in the environment. Let
us consider a scenario in which a group of autonomous tanks needs to change from
a triangular formation to a line formation as illustrated in Fig. 1 to move through
a tunnel which is wide enough for just one tank. The tanks must sense and commu-
nicate with it’s neighbors, avoid rocks and other obstacles in the way to achieve this
objective. The tanks will have actuator constraints, in other words they have limits
on their velocities and accelerations and also will encounter disturbances such as un-
even ground, wind etc..Apart from this there will be uncertainty, time delay and loss
in communication, sensing and control of the tanks and the tanks will have limited

computational capabilities. Hence under all these limitations the desired objective is
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Stationary obstacle

%@@@@@

Autonomous tank

Fig. 1. Typical scenario for motion planning of a group of agents

to be achieved. We are motivated by real world scenarios such as this and formulate

the problem below:

A. Problem Statement

Given n mobile agents: Ry, Ry, ..R,, , plan the motion of the n agents from an initial
configuration A to the final configuration B such that there is no collision between
the agents at any time instant and between the agents and stationary obstacles in
the workspace.

We develop two approaches for solving this problem, the homotopy and con-
tinuum approaches. Both these approaches require no communication and sensing
for their implementation except for sensing the positions of the mobile agents in the
initial and final configurations. Hence we minimize the high cost associated with com-
munication and sensing and the uncertainties, loss and time delays associated with it.
Also the developed methods are computationally promising and will help reduce the
high computational cost required for implementation of the existing methods. The
limitation of these approaches is that we assume that there is no uncertainty in con-

trol of the mobile agents along their planned trajectories and there is no agent failure.
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Despite the limitations the developed methods are very promising from a computa-
tional point of view and require no communication and sensing between agents for

their implementation. In the next two chapters we describe the approaches in detail.
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CHAPTER III

HOMOTOPY APPROACH
Motion planning of multiple mobile agents in the past has been done primarily in the
configuration space(the field of all possible robot locations) of the robots [46, 47]. In
this chapter we develop an approach to solve the problem formulated in Chapter II
for a group of mobile agents moving in two dimensional workspace. The planning
is done using homotopy of a polynomial. In Section A we give an overview of the
approach. In Section B we develop the algorithm for changing the shape of the group.
The approach consists of finding a time varying polynomial which has no multiple
roots at all times. We analyze a polynomial path which is a straight line in the space
of polynomials and the potential field approach of finding a polynomial path in this
section. It is to be noted that the straight line polynomial path does not imply that
the mobile agent trajectories are straight lines. In Section C we develop a way to
handle stationary obstacles in the environment and also the velocity and acceleration
constraints. In Section D we implement the approach on a group of non holonomic

agents and in Section E we extend the approach to the three dimensional case.

A. The Approach

The approach is based on homotopy of polynomials for solving the problem formu-
lated in Chapter II. The motion plan consists of deformation and translation. The
deformation of the group is brought about by finding roots of a polynomial which lies
in the complement of the discriminant variety space, the discriminant variety space
being the space of polynomials with multiple roots. The translation of the group is
brought about by bounding the group by a disc and planning the motion of the disc

as a single agent through stationary obstacles.
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The roots of the polynomial used for deformation, map to the positions of the
mobile agents in local frame. The local frame is a frame which translates(pure trans-
lation) along with the group. In the case in which the agents are moving in two
dimension, the real part of the roots represent the x positions of the agents and the
imaginary part represent the y positions w.r.t. the local frame. The polynomial itself
is a path parameterized in time between the initial and final polynomials. The roots
of the initial and final polynomials represent the initial and final positions of the
agents respectively. One such polynomial path is the straight line polynomial path
between the initial and final polynomials. We present a way to verify if the straight
line path intersects the discriminant variety. Apart from the straight line path, we
also generate paths in polynomial space using a potential field like approach. In this
approach a potential function is created such that as the time varying polynomial
moves towards the discriminant variety, the potential function increases in value and
as it moves away from the goal polynomial it again increases. This way a polyno-
mial path is generated which reaches the goal by avoiding the discriminant variety
by moving in the direction of negative gradient of the potential function. Once the
planning for deformation is done, we find a disc which bounds the agents at all times
and use this disc to plan the translational motion of the group through stationary
obstacles using any of the standard methods for motion planning of a single agent.
Since the positions, velocities and accelerations of the mobile agents can be found
owing to the polynomial being differentiable, we use a non-linear controller proposed
in [36] to implement the algorithm on a group of non holonomic agents moving in
two dimension. We also extend the approach to 3-D by mapping the 3-D coordinates
to 2-D. The idea is that we use a linear transformation for two of the coordinates to
map the 3-D coordinates to 2-D such that each map is unique. We then use these

new coordinates to generate a time varying polynomial which avoids the discriminant
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variety. Once we have this polynomial, we find out the new coordinates as a func-
tion of time from the roots of this polynomial. The 3-D coordinates are then found
out from these new coordinates by joining the initial and final values of one of the

transformed coordinates by a straight line and using an inverse map.

1. Assumptions

The key assumption for the 2-D case of the problem described in Chapter I is:
e The agents are represented as point masses.

It is to be noted that even though the mobile agents are assumed to be point objects,
the algorithm proposed can deal with finite sized agents. In particular finite sized
agents can be handled by using the potential field approach for homotopy of polyno-
mials developed in this work. This can be done by choosing an appropriate value for

the distance of influence of the discriminant variety.

B. Algorithm for Group Shape Change

We present the homotopy approach for deforming the group to the final shape in
this section. We first present the straight line path approach as this path is easy to
analyze. We show a way to verify if this path is feasible. Then we present a potential

field like homotopy approach.

1. Polynomial Construction

We construct a polynomial, the roots of which represent the current positions of the
mobile agents in local frame. The real part of the roots represent the x coordinate of
the mobile agents and the imaginary part represent the y coordinate. We construct,

initial and goal polynomials, the roots of which represent the initial and goal positions
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Final Triangle formation with coordinates in
4 Local Frame: (xl,,,yl‘, ),(xz‘,,yz,) --------- (xn,,)’n/-)

. A

0, X
o o o
Initial Square formation with coordinates in
Local Frame: (x“, Vi )’(xz,' > Voi ) --------- (Xm- s Vi )

v

Coordinates of O and O, in Global Frame : (X,,Y;) &
(X2,Y») respectively.

Fig. 2. Change of formation

of the mobile agents in local frame. Then we use these polynomials to construct a
time varying polynomial path which represents the current positions of the mobile
agents such that no two mobile agents are at the same position at a given time. Let us
define the discriminant variety space. The discriminant variety space ) . is the set
of all complex polynomials of degree n with multiple roots. If we represent the set of
all polynomials of degree n by P, then P, — ) represents the set of all polynomials
of degree n with distinct roots which we call the complement of the discriminant
variety space. There is a proposition in [78] according to which the discriminant
variety is connected. Also a method is described in [79] to parameterize curves in
>, Utilizing these ideas if we can find parametric curves connecting the initial and

final polynomials, in P, — > we ensure that no two mobile agents are at the same
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coordinates at any instant. The straight line polynomial path (1—\)P+AP,;\ € [0, 1]

could be one such path. FP; and P, are the initial and goal polynomials which have

distinct roots ,A = % and time ¢t € [0,7]. As an example, for the initial and final
configurations shown in Fig. 2, Py(z) = (z— (21, +Jjy1i) ) (x — (x2i+7Y2:)) oo (. — (i +
o)) and Py(a) = (2 — (@174 1) (& — (@27 + jyos))-vo (& — (@ng + yns)). Results
in [79] can be used to verify whether the straight line (1 — X\)P, + AP, |\ € [0, 1] lies
inP,—> .

This method is developed below.

2. Verification of Intersection of Straight Line Path with Discriminant Variety.

We now show a way to parameterize the discriminant variety which has been devel-
oped in [79]. We use this parametrization to formulate a way to check if the straight
line path intersects the discriminant variety. The idea is to first find the spanning set
of the discriminant variety space using a matrix which is a function of the degree of
the polynomial n and the elements of (C*)%. C is the set of complex numbers. We
then find two vectors which are orthogonal to the discriminant variety space from
this spanning set. The check for the intersection of the straight line polynomial path
with the discriminant variety is done by checking for the orthogonality of this path
with these two vectors.

First, we form a matrix A as described below and determine its kernel. The
result in [79] tells us that the kernel of A and elements of (C*)? parameterize Y, in

the manner described below.
11 1 1 .. 1



Let the kernel be:

Therefore :
1 1 11
01 2 3

Zo

X1

Ln

or equivalently,

Zo

X1

Tn
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1+ 229 + ... +nx, =0

Using the above two equations we can say that the kernel is :

1

-2
1

To X

0

+ x3 X

2
-3
0

0

n—1
-n

0

0

1

The discriminant variety is then constructed out of the Kernel:

Yo, =Im(rs+2x34 ....(n—1)xy,) : iT2(—229 — 3L3..c.. —NT,) T TITET2 C TITH LS
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..... TITH Xy
1 2 n—1
—27’2 —37’2 —NTy
T2 0 0
0 73
= ToT1 X + x371 X + ... + x,71 X
0
0
0 0 Ty

where s, 3, ..., x, are arbitrary complex numbers and 7; and 75 are nonzero complex

numbers. Let us denote,

1 2
—27'2 —37'2
7'22 0
0 73
wy, = , W2 = ’
0
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Wp—-1 =

0

3

From this parametrization we see that ) - is the union of the spans of wy, ..., w, 1
for all nonzero complex numbers 7. To check if a particular polynomial lies in ) _,
for each value of 75, we construct two vectors s; and s, which are orthogonal to
Wi, ..., Wy_1. These vectors will lie in the complement of the discriminant variety
space. Hence if the polynomial path is not orthogonal to both these vectors, it will
not lie in the discriminant variety space. In other words, a polynomial,P lies in )
if and only if < P,s; >=0 and < P, sy >= 0 for some 75.

Explicitly we find s; and s5 as follows to check the orthogonality of the polynomial
Vo
U1

path with them. Let this vector be

Therefore
Vg — 2ToU1 + 7'221}2 =0

2U0 — 37’21)1 + 7'231)3 =0.
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(n — 1)vg — nmvy + 150, =0

Assigning two sets of values to the vectors vy and v; we get the vectors:

0 1

1 0

2 1

= 7z
S1 = % y S2 = —%

TS 5

n n—1

Tn—l 7_51

Using the2 above two vectors we construct two polynomial equations, correspond-
ing to < P(A),s; >=0and < P()\), s2 >=0.
(an+A(bp—an)) X 04 (an_1+A(bp_1—an_1)) X 14...... (ag+A(bp—agp)) X (%) =0
2

(a4 A(by =) X T+ (a1 4+ A1 = an1)) X 0+ ov-(ag + Ay — ag)) x (<) = 0

where ag, ay, ...... a, are the coefficients of P, and by, by, ...... b, are the coefficients of
P,

We can solve the above two equations for values of 7, and A and check whether \
is a real number between 0 and 1. If it is not, that means the above two equations are
satisfied for no values of A\ between 0 and 1 and the straight line connecting the two
polynomials does not intersect the discriminant variety. We also know that we can
eliminate A\ from the two equations and obtain a polynomial in 75. This polynomial
has only finite number of roots and corresponding to each root there is a value of
A. This means that P(\) lies in the discriminant variety ) only for finitely many
A € F, say. Hence even if some value of A lies in [0, 1] we can always find a path in

C, as I is finite. C' is the complex space. In this case we will need to parameterize

the path in u(\), a complex variable such that u(\) € C.
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3. Straight Line Path Algorithm

As developed in the previous section we can verify if the straight line path between
the initial and final polynomial avoids the discriminant variety space. The roots of
this polynomial can then be found out at each step to find the position of each mobile
agent in local frame with the current local frame (frame which translates with the
group) having undergone a translation from the initial frame. In other words each
mobile agent is translated by the same amount with deformation caused by homotopy
of the polynomial. The planning for translation can be done as described in Section
D. Given the initial and final polynomial to each mobile agent, it’s initial position
and the velocity of translation, using Newton Raphson algorithm the mobile agents
can calculate their position in the next time step in a distributed manner. Newton
Raphson method can be used as we have a good initial guess at each time step for

calculating the roots.

a. Example

We consider a scenario in which four mobile agents are initially arranged so that they
are at four corners of a square with the group objective of transforming the square con-
figuration to a straight line configuration. The initial coordinates of the mobile agents
in local frame are (—10, —10), (10, —10), (—10, 10), (10, 10) and the final coordinates in
local frame are (—11.25,—19.49), (—3.75, —6.50), (3.75,6.50), (11.25, 19.49). Therefore
P, = (x4 10 4+ 10¢) x (z — 10 4+ 10i) x (z + 10 — 10i) x (z — 10 — 10i) and P, =
(x4 11.25 4+ 19.49¢) X (z + 3.75 + 6.50¢) x (x — 3.75 — 6.50i) x (z — 11.25 — 19.504).

Now P = (1 — \) x P, + X\ x P,. Following the approach outlined above.
1 1111

012 3 4



We let the kernel be | =

Zo

X1

X2

€3

Ty

Using < A,l >= 0 we get the kernel as:

To X

1
-2
1
0

0

+ x3 X

Therefore the discriminant variety

Zn = 9T X

Hence

1
—27’2

0

2 3
-3 —4
0 + Ty X 0
1 0
0 1

2

—379
+ 237 X 0
0

—+ 147 X

—47’2
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3
—47'2
W3 = 0
0
4
T2
and
0 1
1 0
S1 = 2 , S9 = _ig
T2 7'2
3 _2
2 3
n _n=1
73 2

Using < P,s; >= 0 and < P, sy >= 0 and solving for A we get

A = —0.0114—-0.2896¢, —3.8787+1.96377,0.2216+4-0.1532:—0.0114—0.28967, —3.8787+
1.9637i,0.2216 + 0.15324, 1.7729¢ — 034 + 7.4219¢ — 050¢

These values do not lie on the real line between 0 and 1 and hence the polynomial
P()\) does not intersect the discriminant variety. Simulation of the example above in
which a group of robots move from a square configuration to a line configuration is
shown in Fig. 3. As expected the agents do not collide while moving from the initial
to the final configuration. Fig. 4 and Fig. 5 show results for other initial and final

shapes of the group of mobile agents.

4. Potential Field Approach for Homotopy

a. Potential Field Approach

In the potential field approach [72], the mobile agent is represented as a point in
configuration space under the influence of an artificial potential field U. This poten-

tial field comprises of an attractive and a repulsive component. The potential field
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is created in a manner that the mobile agent moves towards the goal configuration
and moves away from obstacles. Fig. 6 illustrates this. It can be seen in the figure
that where the obstacle is located, the potential field is high and where the goal is
located, there is a well. Hence the agent will move away from the obstacle and to-
wards the goal as it moves towards lower potential areas. The attractive potential
is a function of the distance from the goal while the repulsive potential is a function
of the minimum distance from the configuration space obstacle or C-Obstacle which
is the space of all configurations for which the mobile agents collide. The artificial
potential force is computed as F)(q) = —VU(q) where ¢ is the current configuration.
The agent takes a step in the direction of the force and repeats till the goal is reached.

Following is an example of a potential function:
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High potential due to obstacle

A 4
v

[ J
start

goal

Low potential due to goal

Fig. 6. Potential field

The attractive potential, Uy = 3£0°(¢, dgoat)

where p(q, ¢goar) = || — dgoat |

¢ is a positive scaling factor,

|g — ggoat]| is the euclidean distance and g0 is the goal configuration. The repulsive

potential

{%U(p(q,qlgml) - pLO)Q Zf p(Qv ngal) S £o
Urep -

Olf p(Qanoal) > Po
where (¢, ¢goar) 1s the minimum distance from the C-obstacle, py is the distance of
influence and &, n are positive scaling factors.

The total potential function is U = Uy + U,e,. Propagating ¢ such that ¢ =
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—VU. Hence the differential equation governing the variation in ¢ with time is:

P(q;goal - pio)qup(q’ ngal)a Zf p(Qa ngal) S £o

£p(4, Ggoar) + 1(

§p(q, ngal)v Zf p(Qa ngal) > £0

We develop a method to find paths in polynomial space using the potential
approach below.
5. Homotopy Using Potential Field

We apply the potential field approach described above in an analogous fashion to
plan the parametric path in polynomial space [77]. By letting P(t) = a,(t)z" +

a1 ()" 4+ -+ + a1 (t)x + ap be a time varying polynomial and

a1

Qo

we can interpret a(t) as analogous to the mobile agent configuration ¢(t). We in-
tend to generate the polynomial path P(t) by propagating a(t) in the polynomial
coefficient space in a manner that it has no multiple roots at any time. a(t) rep-
resents a point on the polynomial path P(t) which in turn represents the positions
of the mobile agents w.r.t. a local frame in 2-D at time ¢. The discriminant of the

polynomial A which signifies the distance from the discriminant variety or in other
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words the distance between the roots of the polynomial, can be treated as analogous
to the minimum distance from the C-Obstacle. As described above ¢(t) propagates
such that it moves away from the C-obstacle and towards the goal configuration ggoq-
In a similar fashion, the polynomial vector a(t) is made to propagate such that it
moves away from the discriminant variety and towards the goal polynomial vector
Qgoqr- This is shown below.

An artificial potential field is created such that the change in the polynomial
coefficient vector a(t) is in the direction of the negative gradient of the potential.
The goal polynomial coefficients create an attractive potential while the discriminant
variety creates a repulsive potential. The attractive potential U, is constructed such
that it increases as a(t) moves away from agoq, the goal polynomial coefficient vec-
tor. The repulsive potential U,., is constructed in such a way that a(t) moves away
from the discriminant variety and is unaffected when it is far from it. An example
of the potential field and the differential equation governing the change in a(t) is
given below. We selected this potential field as it is the most commonly used one in
literature. The attractive potential is parabolic in shape while the repulsive potential

is a function of the inverse of the discriminant :

Uur = %5?2(@7 agoal)

where p(a, agoar) = ||a — agoal|

¢ is a positive scaling factor and

la — agoat]| is the two norm in polynomial coefficient space.



32

Urep -
The total potential function is U = Ugy + U,ep. We propogate a such that

a = —VU. Hence the differential equation governing the variation in a with time is:

€p<a7a90al> + 7](% - ﬁ)évaAa ZfA S A0

gp(a’aagoal)a ZfA > A0

where,
Ay is the distance of influence of the discriminant variety and &, 7 are positive con-
stants

Potential field approaches have an issue with the agent configuration getting
stuck in local minima. A lot of work has been done to counter this problem [72].
The problem of local minima for the potential field based homotopy approach can be

handled in a similar fashion.

a. Example.

We solve an example in which there are four mobile agents, using the method we
developed above. The agents move from an initial arbitrary configuration to a final
arbitrary configuration. Since there are four mobile agents, the polynomial is of fourth
order. We take the initial polynomial as P; = z*+423+2?+x+2 and the final polyno-
mial as P, = x*+52% + 2% +4. The choice of the polynomial coefficients for the initial

and final polynomials has been on the basis of their simplicity and no other particular
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reason. For a fourth order polynomial equation asz* + asz® + axx® + a1z + ag = 0,

the discriminant is :

[(a2a3a? —4a3al — 4a2aday + 18adasazay — 2Tatal + 256a3as) + ao(—4a3a3 + 18ayazal +
16a3as — 80aia3azay — 6aa3ay + 144a2aqa?) + ai(—27a3 + 144asa3as — 128a3a3 —

192a;aza3)).

With the above discriminant and the values of the initial and final coefficient vectors

we construct the differential equations for the polynomial coefficient vector using :

fp(aa a’goal) + 77(% - Aio)évaAa ZfA S A0

£p(a7agoal)a ZfA > AO
Figure 7 shows the results for this example. Each of the coefficients of the polynomial

path P(t) are shown as functions of time.

6. Other Polynomial Paths

Apart from the straight line polynomial path and the path generated by the potential
field approach we can also use other parametric paths P(t). These paths should be
such that at t = 0, P(0) = P,, the initial polynomial and at t = T, P(T") = P,, the
final polynomial. Some examples of such paths are (1—(%)")P;+ (%)"Py,n =1,2....,
(T= ()" + (L)% — (L)"™) P+ (L))" — (£)* + (L)) Py,n = 1,2..... It is to be noted
that with the change in polynomial paths, velocities and accelerations of the mobile
agents change in addition to change in their positions. This is because the differential

of the polynomial paths change. The change in the positions of the mobile agents is
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illustrated in Fig. 8,9 and 10 for an example in which the agents go from a square
configuration to a line configuration and translate by 100 units in both X and Y

directions .

Mo
i 0
< o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
t———>
i 2 ; ‘ |
1
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t————>
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Fig. 7. Potential field approach to homotopy

C. Planning the Translational Motion

In the previous section we developed the motion plan for the group shape change. In
this section we develop the translational motion plan of the group of mobile agents.
The translational motion is planned by finding a bounding disc for the group and
planning the motion of this disc as a single agent through stationary obstacles. This
bounding disc encloses the agents at all times. In [73] the following result is stated:

The roots of a polynomial can be bounded within a disc of radius:

r:2max{a"—;’“\%:k: e, I}

a

where ay, are the coefficients of the polynomial P(t). We consider the straight line

polynomial path [74] in polynomial space with P(t) = (1 — t)P, + tP, where P, P,
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are the initial and final polynomials respectively. If,

P, = ax™ + apni—12" 4 .....ap; and

Py = Gpgx™ + apg—12""1 + .....a0, then

r= Qmax{] (- fa:al’“iizzz Erck=1,.....n}.
Since ap; = ang = 1

= r =2maz{|(1 — t)an;_x + mng—kﬁ :

=7

(p, k) =

= 2maz{| a, |%:

(0i,n), (Li,n — 1),---

n,t € [0,1]}

......

,(ni — 1,1),(0g,n), (1g,n —
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1),--+,(ng—1,1)} We support the theory developed in this section with an example

below.

1. Example for Finding Bounding Disc.

We consider an initial arbitrary formation in which the coordinates of the mobile

agents are:

(=9,-17),(—2,-3),(10,—8),(10,0), (5,4),(9,7),(—8,7)
7(_5’ 2)

and a final square formation in which the mobile agents are at coordinates:

(=10, -10), (0, —10), (10, —10), (—10,0), (10, 0), (—10, 10),
(0,10), (10, 10).

We find a bounding disc for this initial and final configuration so that the disc can
be used to plan the motion of the mobile agents through stationary obstacles. The
initial and final polynomials using the above coordinates are: P; = 28+ (—10+2i)z"+
(=72 — 144)2° + (838 — 3741)x® + (1.87 x 10* +3.22 x 10%7)a* + (—1.625 x 10° +5.58 x
10%) 23 + (—6.38 x 10° — 1.66 x 10%) 2%+ (1.95 x 106 — 1.9 x 10% )z +7.86 x 10 —2 x 1074

and,

P, = z® + 30000z* — 400000000.

Using, r = 2max{| a, \%: (p, k) = (0i,n), (li,n —1),--- ,(ni — 1,1),(0g,n), (1g,n —

1),--+,(ng —1,1)} we get the bounding disc radius r = 26.32. Figure 11 shows the
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result for this example.

Once r is found, we can use any of the standard methods for motion planning
of a single agent through obstacles in 2-D for planning the motion of the bounding
disc. In this work we use the roadmap method [72]. The disc enclosing the mobile
agents is shrunk to a point and the C-obstacles grown accordingly. The roadmap is
constructed and the shortest path found between the initial and final configuration.

Figure 12 illustrates the result for an example in which a group of agents in
square formation need to change to a triangular formation while avoiding polygonal
obstacles on the way. The straight line polynomial path was used for group shape
change planning while a bounding disc was found to plan the motion of the group
through the polygonal obstacles. Some intermediate configurations have been shown
and it is seen that the agents do not collide with each other or with the obstacles.
The roadmap method was used for planning the motion of the bounding disc in this
example. Next we develop a way to handle velocity and acceleration constraints which

need to be incorporated due to the actuation limitations of real mobile agents.

2. Imposing Velocity and Acceleration Constraint

Since the actuators of the mobile agents have actuation limits, we must impose veloc-
ity and acceleration constraints on the motion plan. The velocities and accelerations
of the mobile agents have two components. One is the shape change component
and the other is the group translation component. The shape change components
are the velocities and accelerations of the mobile agents due to the deformation of
the group while the translational component is due to translation of the group as a
whole. We can impose velocity and acceleration constraints on each mobile agent by
reparameterizing P, the polynomial path to keep the shape change component within

bounds and by planning the translational velocity and acceleration component in a
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way that the resultant velocity and acceleration bounds are not violated. We define
P'(\) = P(f(\) = (1 = f(A\)Pi + f(\)P,, f € [0,1]. This produces the same geo-
metric curves for shape change but the rate at which these curves are traversed by
each agent as \ varies will depend on the function f, a strictly increasing function.
The function f should be a strictly increasing function so that the polynomial path

X 4

does not retrace back to a previous state. For example since the speed % = df e

we can chose f in a way that is small When 22 is large to keep the modulus of the

velocity within bounds. Figure 13 and Fig. 14 show simulations with and without

dx __ dz

&= G % < 7, being a constant,

velocity constraints for shape change of the form
for the deformation of a square shaped group to a circle. The sparsely spaced dots
in Fig. 13 near the square shape indicate high velocities which are in violation of the
velocity bounds. By reparameterization of the polynomial path we were able to sat-

isfy the velocity constraint as indicated in Fig. 14 by the somewhat uniformly spaced

dots. Once the shape change velocities and accelerations are planned to satisfy the
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Fig. 12. Obstacle avoidance

constraints, we plan the translational velocities and accelerations of the entire group
such that the resultant velocities and accelerations are within bounds. In the next
section we implement the motion plan generated using the homotopy approach on a

group of non holonomic vehicles.

D. Implementation on a Group of Non Holonomic Vehicles

The roots of the polynomial and the plan for translational motion of the group gives
us the o and y positions of the mobile agents and their angle § = arctan(%) at each
Ty

time instant. Hence the desired pose p, = | ¢, | can be found at each time instant.

0,
Similarly by differentiation of the polynomial path generated through the group shape

change algorithm and usage of the translational motion plan of the group, the vector
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UT‘ . . . . .
qr = can be found out at each time instant where v is the linear velocity and
W

w is the angular velocity. Once we have the vectors p,(t) and ¢,.(t) we can use the non
linear controller proposed in [36] to control any group of non holonomic [75] vehicles

along the trajectories generated by the homotopy algorithm proposed in this work.

' _ v v,co88, + K, x.
The control law proposed in [36] is ¢ = =
w wy + v (Kyye + Kpsind,)
Te
Ve
Pe = | y. | =Ppr— pcis the error pose, p. being the current pose. g. = =
We
Oe

¢r — ¢ is the error velocity vector, g. being the current velocity vector. K,, K,, Ky
are the controller gains. We assume that we can measure the current positions of the

mobile agents using dead reckoning etc..
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Figure 15 illustrates an example in which there are eight non holonomic agents in
an initial square formation and a final circular formation. In this example we assume
there are no obstacles in the environment and that the entire group is translated by
100 units in the X and Y directions. As can be seen from the figure, the paths that
are planned using the homotopy approach are tracked though there is some deviation
from the reference path initially. In the next section we formulate and solve the 3-D

version of a global motion planning problem using the homotopy approach.

E. 3-D Problem

In the previous sections we have assumed that the mobile agents are moving in 2-
D. In this section we solve the 3-D version of the problem formulated in Chapter

II for the case in which there are no obstacles in the environment. There are a
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number of practical situations in which mobile agents move in the three dimensional

real world. As an example, a group of Unmanned Air Vehicles(UAVs) may need to

change formation to avoid being tracked by the enemy radar or for better surveillance

of the enemy installations. We are motivated by the need to develop an algorithm

which facilitates the mobile agents in situations like this to change formation with no

communication and sensing. Other applications could be change in the position of

satellites in deep space.

1.  Assumptions

The key assumption for the 3-D problem is:

e The agents are represented as point masses.

2.

Shape Change Algorithm

We approach the 3-D problem just like the 2-D problem by mapping the 3-D coordi-

nates of the mobile agents in local frame to 2-D.
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a. Mapping

If (x,y, z) are the coordinates of an agent in local frame then we map it to 2-D through
a linear map of two of the coordinates. This is done so that we can use the algorithm
that we used for the 2-D case. For example if we select the x and y coordinates for the
linear map, the 2-D map is (I(z,y), z) where l(x,y) = ax + by, a and b are constants.
We select the map I(z,y) in a way that the pair (I(z,y),2) corresponding to each
robot’s coordinates in the initial configuration is unique. We do the same for each
robot’s coordinates in the final configuration. There are a maximum of 2n¢, lines in
the XY plane such that atleast 2 mobile agents lie on them when their coordinates in
the initial and final configurations are mapped onto the XY plane through a linear
map, [(z,y). This is because there are 2n sets of coordinates in the initial and final
configurations which yield 2n¢, lines. If [(xz,y) = 0 is such that it is not parallel to
any of these 2n¢, lines, the mapping [(x,y) will be unique for each agent. Hence we
can always find an (I(z,y), z) such that the pair is unique for each robot in the initial
and final configuration. Figure 16 shows an example of a feasible map I.

Once we have found the mapping [, we construct the polynomial as in the 2-D case
so that we can follow a similar approach. Therefore if (x1;, Y14, 215), (T2, Y2is 22i)s - ,
(Tnis Yni, Zni) are the coordinates of the mobile agents in the initial configuration
and (z17, Y17, 217)s (Tof, Yors 22f), omen- o (Tnf, Yns, » Zns) are the coordinates of the mobile
agents in the final configuration, the initial and final polynomials are constructed as
below:

Pi(z) = (x — (I(z15, y1i) + 3211) ) (0 — (U221, Y2i) + J220)) e oo (0 = (U T, Yni) + 2ni))
and Py(z) = (x— (U1, Y1) +iz21p)) (@ — (U2, Yor ) +520f))- oo (0= (U2, Y2r )+ 2ng )

Using the initial and final polynomials we find a path in polynomial space which

avoids the discriminant variety. The path can be the straight line polynomial path
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Fig. 16. Feasible mapping

P(t) = (1 = A)P, 4+ AP\ € [0,1] where A = £ and time ¢ € [0, 7] or can be found
out using the potential field approach. This path generates I(t), the linear map and
z(t) for each robot. One of the coordinate paths z(t) or y(t) can be generated by
joining the corresponding initial and final coordinates by straight lines. Hence if we
chose y(t) then for the first robot, y(t) = (1 — N)y1i + Ayrg,A € [0,1] where A =
and time ¢t € [0,T] and so on for all robots. Please note that y;¢ is the y coordinate
corresponding to the final values that (I(xy;,y1;), 21;) end up at. The coordinate path

x(t) is then generated from [(t) and y(t) for each robot.

b. Example

We solve an example which has six mobile agents. The initial coordinates of the
mobile agents are (1,0, 0), (—1,0,0), (0,1,0), (0,—1,0), (0,0, 1), (0,0, —1) and the final
coordinates are (0, ig, 0), (%, _ﬁg’ 0), (—3, _ﬁ@ 0),(0,0,0),(0,0,3),(0,0,—3). We

take l(z,y) = 3z+2y. Therefore P, = (x—3) X (x+3) x (x—2) X (x+2) X (x—1) X (x+1)
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Fig. 17. Motion plan in 3-D

andPg:(a:—\%)X(x—(%—\/ig))x(x—(—%—\%)) (x —0) x (z — 3i) x (x + 3i).
(1

X
We use the straight line polynomial path P(t) = (1 — A\) x P, + X x P, as it avoids
the discriminant variety. Once we have [(t) and z(t) corresponding to each robot by
finding the roots of P(t), we generate y(t) by joining the corresponding initial and
final y coordinates of the robots by straight lines and then find x(¢) for each robot
using x(t) = (I(t) — 2y(t))/3.Figure 17 illustrates the path of each robot for this

example.
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The translational planning can be done just as in the 2-D case to avoid stationary
obstacles by bounding the group by a sphere. Velocity and acceleration constraints
can be imposed by reparameterization as in the 2-D case.

In this chapter we have developed the homotopy approach for motion planning
of mobile agents. We first solved the two dimensional case and then the three dimen-
sional case. We have developed an algorithm to deal with stationary obstacles for the
2-D case and implemented the algorithm on a group of non holonomic vehicles. We
have imposed velocity and acceleration constraints using reparameterization of the

planned polynomial path.



48

CHAPTER IV

CONTINUUM APPROACH
In this chapter we develop a novel motion planning approach to solve the problem
formulated in Chapter II for a swarm of mobile agents based on continuum theory. In
Section A we give an overview of the approach. In Section B we develop the continuum
approach. We have initially assumed that the agents are point sized but in Section
C we have developed a way to handle finite sized agents. We have implemented the
algorithm on a group of non holonomic agents in Section D. Finally in Section E we

develop a way to handle stationary obstacles in the workspace.

A. The Approach

The continuum approach consists of finding a motion map between the initial and
final configuration which is a homeomorphism. This will ensure no collision between
agents. We solve the case in which there are stationary obstacles in the environment
by bounding the group by a rectangular box which can deform, translate and rotate
as has been done in [37]. Since we assume initially that the mobile agents are point
objects, we show a way to handle finite sized agents using this approach. We also
implement the motion plan on a group of non holonomic agents using the controller

proposed in [36].

1.  Assumptions

The main assumptions are :

e There are no restrictions on the initial shape or the locations of vehicles within

that shape provided no two vehicles occupy the same location at any given
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mstant.

e Each vehicle knows it’s position with reference to a global coordinate system.

B. Continuum Approach

We consider a swarm of vehicles at rest in an initial configuration By at time t = ¢, as
shown in Fig. 18. We are interested in moving this swarm of vehicles from the initial
configuration By to a new configuration, termed the current configuration B; . The
current configuration differs from the initial configuration and we say that the swarm
has undergone a deformation from By to B;. Again we assume that each vehicle knows
its current location with respect to a global reference frame which may be inferred by
data fusion, onboard sensing,inter-agent communications etc. It is further assumed
that the current configuration may be prescribed apriori so that the desired goal
configuration is achieved. For example, a typical scenario might be where a vehicle
swarm is originally in a square configuration of side a at t = t; , that may be required
to deform into an elongated rectangular shape with a different orientation and location
so that the swarm may travel through a narrow passage. As long as the motion map
(path) is a homeomorphism between the reference and the current configuration, each
mobile agent is guaranteed to occupy a unique position in any of the configurations,
implying no two mobile agents can occupy the same place. One particular class of
feasible deformations is homogeneous deformations. A homogeneous deformation is
one that can be decomposed into a rigid body rotation and a special deformation
following the classic polar decomposition theorem of matrices according to which the
matrix can be decomposed into a unitary matrix and a positive semidefinite Hermitian
matrix.

We introduce a fixed Cartesian reference frame with origin O and basis vectors e;.
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Fig. 18. Formation change

All motion will be relative to this fixed frame and all vector and tensor components
are with respect to the base vectors e;. Let X be the position vector, relative to O,
of a typical vehicle V, within By . Then the components X; of X, in the chosen
coordinate system, are the coordinates of the position occupied by the vehicle in By
at t = t5. Now suppose that the vehicle that occupies a position X at time t = ¢,
in the reference configuration moves so that at a subsequent time it occupies a new
position x at time ¢t. Let us now denote the position = of the vehicle at time ¢
with respect to its reference position X at time ¢t = t; , by an equation of the form
X=z(X,t. We can think of this relationship specifying the locations of agents in a
given reference configuration with respect to a current configuration. The idea here is
that once we know the reference position of each agent and the mapping between the
reference configuration By and the current configuration B; , the current locations of
the agents can be immediately determined. So the key idea then becomes to see if
the map defining the resulting motion can be determined in a meaningful way. This
is exactly what we propose to do.

To facilitate the above process we define the following quantities. The displace-

ment vector u of a typical vehicle from its position X in the reference configuration
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By to its position z at ¢ in the current configuration B;is u=x-X . In the reference co-
ordinates u is regarded as a function of X and t so that, u(X,t)=x(X,t)-X and in the
current configuration u is regarded as a function of x and t, so that u(x,t)=x-X(x,t).

The velocity vector v of an agent is the rate of change of its displacement. Since
X is constant for an agent in its reference position, it is convenient to employ the

reference description so that v(X,t) = 8u(d)t( ) — ‘%(a)t(’t), where the differentiations are

performed with X held constant. In component form the latter can be written as
v (X, t) = w. The result of performing the latter differentiation is to express
the velocity components as functions of X; and t; that is, they give the velocity at

time t of the agent that was at X at time t = ¢, . Similarly, we can describe the

81}1'(XJ7 ) 8 xl(XJv )

n 52 or in vector form

acceleration in component form as a;(X,t) =

as a = 0(X,t) = £(X,1).

1. Dynamic Constraints

With expressions for velocity and acceleration available in terms of the reference
configuration, we need to find acceptable maps that satisfy the various dynamic con-
2

straints the vehicles must satisfy. These maps could be of the form z;, = Z (X J)ti, T =
i=0

2
Z a; (X j)sin(w;t) or x; = Z a;(Xy) At Then we have a way of imposing bounds

forces acting on each agent so that they do not grow with time. This facilitates
handling of kinematic constraints in a rather nice way. As an example, if agents
move according to the map given by the first form, then the accelerations become
Ty = 20u2(Xy), with velocity @ = ag1(Xy) + 202(X7)t. With this setup the forces
acting on an agent can be represented as Fj, = myZ), = 2042(X ), where the vehicle
is simply treated as a particle. Now suppose each of the forces is constrained to be

|Fy| < 7k, which then leads to the requirements |Fy| =| mp2y |=| 2002(Xy) < Y
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from which constraints on age(X ;) can be obtained. For example, when the initial
configuration is known we can explicitly write down (X ;) . Similarly, velocity
constraints may also be employed in defining the suitable motion map. In general the

maps ax(X ) can be nonlinear to handle various constraints. In general maps could
3

be of the form ay,;(X;) = Z 06; X; with (; constant parameters to be chosen or it is
i=0
even feasible to make the ;’s functions of time. The challenge of course is to find a

single map that will satisfy all the important constraints of each of the agents.

2. Example

We solve an example with By a square of side 4 units and By a rectangle of sides 8
and 2 units where T is the final time. The whole group has to be translated by a
distance of 10 in the x direction and —20 in the y-direction The entries of ) and b are
quadratic functions of time ¢. This way the acceleration turns out to be independent

of time.

z(t) = Q)X + b(t)x, X € R?

0

I t) X1
J?Q(t) X2

Let z(t) =

qu(t)  q2(t)

q21(t)  qo2(t)

Let Q(t) =

Q111 + a1t + 13t?  Quag + gat + aast? Lot
- e

2 2
Qa11 + Qa12t + Q213t°  (rao1 + (Qrooal + (i3l

bi(t)
bo(t)
b1y + biat + by3t?

= .t €[0,T]
ba1 + baot + bozt?
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Since at time t = 0 the mobile agents are inside By, @ is an identity matrix. Also
since the agents have had no translation b = 0.

Initial conditions :

q(0) =1= o =1 (4.1)
g22(0) =1 = agy =1 (4.2)
¢12(0) =0 = 121 =0 (4.3)
421(0) = 0 = g =0 (4.4)
by (0) =0 = by =0 (4.5)
by(0) = 0 = byy = 0 (4.6)

The required translation and final formation shape determines the final condi-
tions. Therefore

Final conditions :

(1) =2 = ajnn + a7 + ay13T? = 2 (4.7)
1 5 1
q22(T) = 5 = Q91 + Qo201 + (o3 1™ = 3 (4.8)

12(T) = 0 = a191 + 19T + 1937 =0 (4.9)
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g1(T) =2 = as1 + 12T + a3 T? =0 (4.10)
bl(T> =10 = bll + blgT -+ b13T2 =10 (411)
bo(T) = —20 = byy + by T + bysT? = —20 (4.12)

Since the entries in () and b are quadratic functions of time ¢ the acceleration of
the mobile agents are independent of time. The constraint is determined as follows.

Acceleration Constraint :

T 200113 200193 X N 2b13 200113X7 + 20123 X2 + 2b13

T 200013 200993 Xo 2ba3 200913X71 + 201993 X2 + 2ba3

Therefore acceleration constraint :

YR+ <o (4.13)

where Yl = (2@113X1 + 20&123X2 + 2b13> & Yé = (205213X1 + 20[223X2 + 2b23)

To avoid two agents being at the same location at a given time instant we impose
the non-singularity condition. This ensures that the map is invertible at all times and
the locations of the agents are unique.The condition is determined as follows:

The Non-Singularity condition:
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det(Q(t))# 0¥t € [0, 7] (4.14)

= (111 + a1t + q13t?) X (21 + Qanat + rge3t?) —
(91 + oot + aast?) X (11 + Qiopat + aioi3t?) # OVE € [0, T

There are infinite solutions and we present two of the possible solutions below:

Solutions:

)b = baz = 0, a3 = ﬁi satisfies condition 4.13
Using Eqns. 4.1 —4.12

Q112 = (% - %)
Q222 = (—% - %)
Q122 = _Z’\%

Q212 = —%
bz = %
bag = —2—;;)

Condition 4.14 turns out to be :

Gt (s — TP+ (—g + 25+ TP+ ( — 25+ 1#0,t €[0T

If v = 1 then condition 4.14 is satisfied for T<5. Similarly if v = 2 then condition
4.14 is satisfied for T<2

2) by = beg = —ﬁg, Qi3 = ﬁé satisfies condition 4.13

Using Eqns. 4.1 —4.12

Q112 = (% - %)
Q29 = (—21T - J—TQ)
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Position at t=0 s

77777

Fig. 19. Agents in circles and lines

Q129 = _Z_Tz
Q212 = —%
b = 8 + 75
baz = —% + %

Condition 4.14 turns out to be :

St (s — TP+ (g + 5+ L)+ ( — 25t +1#£0,t€(0,T]

If v = 1 then condition 4.14 is satisfied for T<5. Similarly if v = 2 then condition
4.14 is satisfied for T<2

We support the above theory with results shown in Fig. 19 and Fig. 20. The
motion plan is done for a team of agents occupying a square shape in its reference
configuration and a rectangular shape in the goal configuration. The particles undergo
the homogeneous motion prescribed by the homeomorphism , @) : X — =z, given by
r = Q(t)X + b(t) where x, X € R?. Notably, due to the properties of the mapping, a

circle topology is mapped to an ellipse, and a line to a line, enabling motion planning

with topology control.
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Fig. 20. Agents in random positions

C. Finite Sized Agents for the 2-D Case

In the previous sections we had assume that the agents are point objects. On the
other hand all real world mobile agents are finite sized. Hence we develop a way to
handle finite sized agents using the continuum approach of motion planning in this
section. We illustrate the approach we have developed with the two dimensional case.
It is to be noted that the effect of multiplying a vector in two dimension, by a matrix
is a change in length of the vector and a rotation as illustrated in Fig. 21 . Hence if
we consider the vector joining the center of two mobile agents, it will contract and
change angles as the mobile agents move using the motion plan generated by the
continuum approach. This is because the motion plan generated using the continuum
approach is by the multiplication of a time varying matrix and addition of a time
varying vector. There is a relationship between the change in length of the vector
joining the centers of two agents and the eigenvalues of the matrix being multiplied.
The minimum length to which a vector can contract is the magnitude of the minimum

eigenvalue of the matrix times the original length of the vector. Hence if we ensure
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Fig. 21. Effect of matrix multiplication with a vector

that the minimum eigenvalue of the linear map used for planning the motion is at all
times such that the length of the vectors joining the centers of the mobile agents are
greater than the sum of the radii of the agents (each agent can be made to lie within
a disc of certain radius), the mobile agents will not collide with each other.

We consider a case in which the agents are circular with equal radius, say r. If
D,,in is the minimum distance between the centers of any two robots in the reference
configuration as shown in Fig. 22, then to ensure no collision between any two
robots at all times D, | Amin ()] > 2rVE. A\pin(t) is the minimum eigenvalue of the
matrix Q(t) at time ¢. This bound for the minimum eigenvalue of the linear map
is conservative as the eigenvector directions have not been taken into consideration.
Also if we have already planned for Q(t) we can handle mobile agents of atleast a
size which fits within a disc of diameter D, X min|Ap.(t)|Vt € [0,T] where T is
the final time such that there is no collisions between agents at any time. In the next
section we implement the motion plan generated using the continuum approach on a

group of non holonomic agents.
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Fig. 22. Finite sized agents

D. Implementation on Non Holonomic Agents

We implement the motion plan generated using the continuum approach on a group
of non holonomic agents which move on a 2-D plane in this section. The motion map

gives us the x and y positions of the mobile agents and their angle § = arctan(%) at

:L‘T
each time instant. Hence the desired posture p, = | ¢, | can be found at each time
0,
. . . . . . . . v”’
instant. Similarly by differentiation of the current position the vector ¢, =
Wr

can be found out at each time instant where v, is the reference linear velocity and w, is
the reference angular velocity. Once we have the vectors p,(t) and ¢.(t) we can use the
non linear controller proposed in [36] to control any group of non holonomic vehicles

along the trajectories generated by the homotopy algorithm proposed in [36]. The

) ) ) v vrcosb, + K, x,
control law proposed in this paper is ¢ = =

w wy + v (Kyye + Kpsind,)
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Fig. 23. Implementation on non holonomic agents

Te
v
Pe = | y. | =Ppr— pcis the error pose, p. being the current pose. g, = | =
We
Oc

¢r — ¢ is the error velocity vector, g. being the current velocity vector. K,, K,, Ky
are the controller gains. We assume that we can measure the current positions of the
mobile agents using dead reckoning etc..

Figure 23 illustrates an example in which there are four non holonomic agents
arranged at the corners of an initial square formation and a final rectangular for-
mation. In this example we assume there are no obstacles in the environment. As
can be seen from the figure, the motion plan generated by the continuum approach
is tracked satisfactorily. In the next section we solve the motion planning problem
using the continuum approach for the case in which there are stationary obstacles in

the environment. The agents are assumed to move in two dimension.
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E. Obstacle Avoidance

We solve the two dimensional case of the motion planning problem of moving a
group of mobile agents through stationary obstacles using the continuum approach
in this section. The motion map is again assumed to be linear. To facilitate obstacle
avoidance we bound the agents at all times by a rectangular box as has been done
in previous work [37]. The box can translate, deform and rotate. If we make sure
that the box avoids collisions with the stationary obstacles, we will ensure that the
mobile agents do not collide with the obstacles. We can use the PRM approach
or we can simply place rectangles in the workspace to generate the intermediate
configurations which avoid the obstacles. The motion of the box can then be generated
by interpolating between the intermediate configurations. To use the PRM approach
we need to define the configuration space of the box. The configuration space of
the box is four dimensional if we assume that the rectangle is of constant area(
implies that the length is dependent on the width). Two of the dimensions are for
the position of the box and one each for the orientation and the width of the box.
Once the intermediate collision free configurations are generated we plan the motion
between the intermediate configurations using the continuum approach. Please note
that the change in the position of the box is brought about by the b(t) vector in
xz = Q(t)X + b(t) while the change in orientation and the width of the box is brought
about by the @Q(t) matrix. The Q(t) matrix is a product of a rotation matrix and
a diagonal matrix which causes the deformation and whose determinant remains
constant. The constant determinant ensures that the area of the rectangle is constant
at all times.

Figure 24 illustrates an example in which the agents are in an initial square con-

figuration and need to move through polygonal obstacles to a final rectangular con-
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Initial configuration Intermediate configuration

Fig. 24. Avoiding stationary obstacles

figuration. We planned the intermediate configurations by placing rectangles which
do not intersect the obstacles. The continuum approach was then used to interpolate
between these intermediate configurations to generate the final motion plan. A linear
interpolation was used in this example to generate Q(t) and b(t) for motion between
the intermediate configurations.

In this chapter we developed a novel global motion planning approach for a
group of mobile agents. One of the important attributes of this approach is that each
particle or agent has a well defined path that is based solely on its reference position.
That necessarily means that an agent does not have to know the location of any
other agent once the common motion map is communicated by the central command
after the global motion plan is complete. We emphasize: (1) that no communication
between agents is required for its implementation, and (2) the method is independent
of the number of agents, meaning that it is completely scalable. These two attributes
we believe are a major advantage that is not present in any presently known motion

planner and we believe it is a significant breakthrough.
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CHAPTER V

CONCLUSIONS
Motion planning of multiple agents has been of increased interest in recent times.
There are a number of applications including emergency management, collection of
scientific data, space exploration etc.. In this work we have have developed two novel
motion planning approaches for multiple agents which require no communication and
sensing for their implementation and are promising from a computational point of

view.

A. Contributions

Our contribution in this work has been the development of two novel methods of
motion planning of multiple mobile agents which are computationally attractive and

require no communication and sensing for their implementation.

1. Homotopy Approach

In this dissertation we developed the homotopy approach for coordinated motion
planning of groups of mobile agents. In this approach the motion plan consists of
a plan for change of the group shape and a plan for the translational motion of the
entire group considering it as a single agent. We initially assume that the agents
are moving in two dimension and later on consider the three dimensional case. The
planning for change of the group shape was transformed to the problem of finding
a time varying polynomial which does not have multiple roots. This was done by
mapping the positions of the mobile agents to the roots of a polynomial. The concept
of discriminant variety was used to make sure the required polynomial was generated

by finding paths in polynomial space which do not intersect the discriminant variety.
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We developed two ways of finding the polynomial path. The first is the straight
line path between the initial and final polynomials. The second is the potential field
approach. We showed a way to verify whether the straight line polynomial path
intersects the discriminant variety. We also presented a potential field like approach
for finding parametric paths in the complement of the discriminant variety space. In
this approach a potential function was created such that the discriminant variety had
very high potential and the goal polynomial had minimum potential. Hence by moving
along the negative gradient of the potential function, a polynomial path was generated
which stayed away from the discriminant variety and reached the goal polynomial. In
this work we have assumed that the mobile agents are point objects though real life
robots are finite sized. It is to be noted though that using an appropriate potential
function which ensures that the polynomial stays away from the discriminant variety
by a certain distance, we can handle finite sized agents.

After we planned for the group shape change, we found a bounding disc for
the group such that the agents are inside the disc at all times. We used this disc
to plan the translational motion of the group through stationary obstacles. This
way we ensured that the agents did not collide with each other and also avoided
collisions with stationary obstacles in the environment. We imposed velocity and
acceleration constraints on the mobile agents using reparameterization of the time
varying polynomial. Also we implemented the 2-D algorithm on a group of non
holonomic vehicles using a non linear controller described in [36]. We also extended
the homotopy approach for planning the motion of a group of mobile agents moving
in three dimensional world. We mapped the 3-D coordinates of each agent to the
roots of a polynomial and used an approach similar to the 2-D approach for finding

the motion plan for each mobile agent.
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2. Continuum Approach

Apart from the homotopy approach we developed another novel global motion plan-
ning method, the continuum approach . In this approach if we made sure that the
motion map between the reference and current configurations is a homeomorphism, we
will ensure that each agent will occupy a unique position at all times. We presented an
example where the motion map is linear and is of the form x(t) = Q(¢) X +b(t)z, X €
R?. As illustrated by this example, it is possible and beneficial to prescribe a single,
common feedback law z = z(X,T) based on the reference states of the agents so
that the network topology may propagate with minimal communication with other
agents in the team or with no communication at all in the perfect scenario, where
each agent’s state is precisely known. We have shown that the dynamic constraints
can be handled in a rather nice way by using the motion map in certain forms. We
have initially assumed that the mobile agents are point objects but have shown a
way to deal with finite sized agents by putting restrictions on the eigenvalues of the
motion map. We have also shown that if we have decided on the motion map apriori,
what the maximum size of the mobile agents can be such that there are no collisions.
The bounds generated on the eigen values of the motion map though are conserva-
tive as we have not considered the eigenvector directions in this analysis. We have
implemented the motion plan generated using the continuum approach on a group of
non holonomic agents. The controller described in [36] was used. We have also devel-
oped a way to handle stationary obstacles using the continuum approach. We have
bounded the agents by a rectangular box which can deform, rotate and translate and
planned the motion of the box through obstacles. The position of the agents inside
the box is determined by using motion maps between the intermediate configurations

of the rectangular box.
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B. Future Work

1. Homotopy Approach

Further research effort can go into finding paths in the complement of the discrimi-
nant variety space which guarantee the maintenance of a certain minimum distance
between the roots. This will facilitate the usage of the proposed algorithm for any
finite sized mobile agents. Research can be done to find out an exact correlation
between the size of the discriminant and the minimum distance between the roots of
a polynomial. Once this is done we can use the potential field approach for avoiding
the discriminant variety by a certain amount which guarantees the maintenance of
a minimum distance between the roots. Also research needs to be done to find a
generalized method to parameterize all paths in the complement of the discriminant
variety so that the optimal path can be found. In this work we have proposed a way
to handle stationary obstacles using the homotopy approach. We need to extend the

proposed approach to handle moving obstacles.

2. Continuum Approach

In future research can be done to study homogeneous, area preserving, group defor-
mations for mission updates under three types of exploring behaviors. The first is a
covering behavior useful for the detection problem, in which each agent will explore
and try to reach each point in an area. In the second type each agent will first explore
a goal, the position of which is not known, and once it is found all the agents will
reach the goal. The third is shepherding, where a group is steered by one or more
external agents. We can study the deformation of the group shape to fit into vari-
ous constrained forms dictated by external agents possessing global knowledge. An

example is search and rescue, where a manned search and rescue vehicle shepherds a
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mobile agent group in an optimal sensing configuration. It appears feasible to exploit
the geometric aspects of the motion maps (especially homogeneous deformations) to
develop new communication /formation protocols related to the mobile network topol-
ogy. For example, under the correct map, any agents that initially lie on a straight
line will continue to stay on a straight line that can translate and rotate, and those
on a circle will lie on a precisely defined ellipse. Such topology control can be be
exploited for combat and sensing configurations that are invariant to group motion.
The method is amenable to analysis, and we can incorporate inter-agent communica-
tion ranges, as constraints on the maps and incorporate obstacles that are moving for
computationally efficient determination of the important motion maps. Study can
be done to consider nonlinear motion maps to address the same type of questions
alluded to earlier. Additionally, nonlinear maps provide the ability to change the
distribution of the mobile agents within an area, permitting precise control over the
spatial density of the mobile agents, a feature that can be exploited in cooperative
motion and distributed sensing. Also a way to counter the failure of mobile agents
needs to be studied. We need to come up with a strategy to replan the motion of the

group in the event of failure of some agents.



1]

[9]

68

REFERENCES

P. Liu, L. Fu, “Planning and scheduling in a flexible manufacturing system using
a dynamic routing,” in Proc. 1990 IEEFE Int. Conf. Robotics and Automat., pp.

1584-1589, 1989.

F.R. Noreils, “Integrating multi robot coordination in a mobile-robot control

system,” in Proc, IROS’90, pp. 43-49, 1991.

C.L. Pape, “A combination of centralized and distributed methods for multi-
agent planning and scheduling,” in Proc. 1990 IEEE Int. Conf. Robotics and
Automat., pp. 488-493, 1990.

R. Dorf, Concise International Encyclopedia of Robotics: Applications and Au-

tomation, Wiley Interscience, 1990.

A.H. Bond and L. Gasser, Readings in Distributed Artificial Intelligence, Morgan
Kaufmann Publishers, 1988.

T. Fukuda and S. Nakagawa. “A dynamically reconfigurable robotic system (con-
cept of a system and optimal configurations),” International Conference on In-

dustrial Electronics, Control, and Instrumentation, pp. 588-595, 1987.

G. Beni, “The concept of cellular robotic system,” IEEE International Sympo-

stum on Intelligent Control, pp. 57-62, 1988.

H. Asama, A. Matsumoto and Y. Ishida, “Design of an autonomous and dis-

tributed robot system: ACTRESS,” IEEE/RSJ IROS, pp. 283-290, 1989.

P. Caloud, W. Choi, J.C. Latombe, C. Le Pape, and M. Yin, “Indoor automation
with many mobile robots,” IEEE/RSJ IROS, pp. 67-72, 1990.



[10]

[11]

[12]

[13]

[14]

[15]

[16]

69

M. J. Mataric, “Distributed approaches to behavior control,” SPIE - Sensor

Fusion V, vol. 1828, pp. 373-382, 1992.

L. E. Parker, “Adaptive action selection for cooperative agent teams,” Second
Annual International Conference on Simulation of Adaptive Behavior, pp. 442-

450, December 1992.

P. Varaiya, “Smart cars on smart roads: problems of control,” IFEE Transactions

on Automatic Control, vol. 38, no. 2, pp. 195-207, 1993.

D. Yanakiev and 1. Kanellakopoulos, “A simplifed framework for string stability
analysis in AHS,” in Proc. of the 15th IFAC World Congress, San Francisco, CA,
July, pp. 177-182, 1996.

7.D. Wang, E. Nakano and T. Matsukawa, “Cooperating multiple behavior-based
robots for object manipulation,” IEEE/RSJ IROS, pp. 1524-1531, 1994.

D. J. Stilwell and J. S. Bay, “Toward the development of a material transport
system using swarms of ant-like robots,” IEEE ICRA, vol. 6, pp. 766-771, 1993.

P. J. Johnson and J. S. Bay, “Distributed control of autonomous mobile robot
collectives in payload transportation,” Technical report, Virginia Polytechnic In-

stitute and State University, Bradley Dept. of Elec. Engr., 1994.

R.G. Brown and J.S. Jennings, “A pusher/steerer model for strongly cooperative

mobile robot cooperation,” IEEE/RSJ IROS, pp. 562-568, 1995.

C. R. Kube and H. Zhang, “Collective robotic intelligence,” in Proc. Stmulation
of Adaptive Behavior, pp. 460-468, 1992.

D. Rus, B. Donald and J. Jennings, “Moving furniture with teams of autonomous

robots,” IEEE/RSJ IROS, pp. 235-242, 1995.



[20]

[21]

22]

23]

[27]

28]

[29]

70

J. Sasaki, J. Ota, E. Yoshida, D. Kurabayashi, and T. Arai. “Cooperating grasp-
ing of a large object by multiple mobile robots,” IEFE ICRA, pp. 1205-1210,
1995.

F. Hara, Y. Yasui and T. Aritake, “A kinematic analysis of locomotive coop-
eration for two mobile robots along a genereal wavy road,” IEEE ICRA, pp.
1197-1204, 1995.

R. A. Brooks, P. Maes, M. J. Mataric and G. More, “Lunar base construction

robots,” IEEE/RSJ IROS, July, 1990.

L. Steels, “Cooperation between distributed agents through self-organization,”
FEuropean Workshop on Modelling Autonomous Agents in a Multi-Agent World,
pp- 175-195, 1990.

R. C. Arkin, “Cooperation without communication: Multiagent schema-based

robot navigation,” Journal of Robotic Systems, vol. 9, no. 3, pp. 351-364, 1992.

S. Goss and J. Deneubourg, “Harvesting by a group of robots,” in Proc. European

Conference on Artificial Life, 1992.

M.A. Lewis and G.A. Bekey, “The behavioral self organization of nanorobots
using local rules,” IEEE/RSJ IROS, pp. 1333-1338, 1992.

A. Drgoul and J. Ferber, “From tom thumb to the dockers: Some experiments

with foraging robots,” in Proc. Simulation of Adaptive Behavior, 1993.

M. Mataric, “Interaction and intelligent behavior,” PhD thesis, MIT, EECS,
May 1994.

R. Arkin and J. Hobbs, “Dimensions of communication and social organization

)

in multi-agent robotic systems,” in Proc. Simulation of Adaptive Behavior, 1993.



[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

71

R. Beckers, O. E. Holland and J. L. Deneubourg, “From local actions to global
tasks: Stigmergy and collective robotics,” in Proc. A-Life IV, MIT Press, 1994.

C.L. Chen, S.G. Lee, C.D. McGillerm, “Task assignment and load balancing of
autonomous vehicles in a flexible manufacturing system,” in Proc. 1987 IEEE

Int. Conf. Robotics and Automat., pp. 1033-1039, 1987.

D.D. Grossman, “Traffic control of multiple robot vehicles,” IEFEE J. Robotics

and Automat., vol. 4, no. 5, pp. 491-497, 1988.

M. Saito, T. Tsumura, “Collision free motion control of multiple mobile robots

or path network,” in Proc. IROS’91, pp. 1068-1073, 1991.

J. Wang, “Fully distributed traffic control strategies for many-AGV systems,” in
Proc. IROS’91, pp. 1199-1204, 1991.

S. Kloder and S. Hutchinson, “Path planning for permutation-invariant multi-
robot formations,” IEEE Transactions on Robotics, vol. 22, no. 4, pp. 650-665,

2006.

Y. Kanayama, Y. Kimura, F. Miyazaki and T. Noguchi, “Stable tracking con-
trol method for an autonomous mobile robot,” in Proc. 1990 IEEE Int. Conf.

Robotics and Automat., pp. 384-389, 1990.

A. Kamphuis and M.H. Overmars, “Motion planning for coherent groups of en-

tities,” in Proc. 2004 IEEE Int. Conf. on Robotics and Automat., 2004.

J.T. Schwartz and M. Sharir, “On the piano movers’ problem: II. General tech-
niques for computing topological properties of real algebraic manifolds,” Ad-

vances in Applied Mathernatics, vol. 4, pp. 298-351, 1983.



[39]

[42]

[43]

72

J.T. Schwartz and M. Sharir, “On the piano movers problem: III. Coordinating
the motions of several independent bodies,” Int. J. Robot. Res., vol. 2, no. 3, pp.

46-75, 1983.

C. O’Dunlaing, M. Sharir, C. Yap, “Retraction: A new approach to motion

planning,” in Proc. 15th ACM Symp.Theory and Computing, pp. 207-220, 1983.

D. Parsons, J. Canny, “A motion planner for multiple mobile robots,” in Proc.

ICRA, pp. 8-13, 1990.

E. Gurewitz, G. Fox, Y. Wong, “Parallel algorithm for one and two-vehicle nav-

igation,” in Proc. IROS’90, pp. 51-58, 1990.

J. Barraquand, B. Langlois and J. Latombe, “Robot motion planning with many
degrees of freedom and dynamic constraints,” in Proc. 5th Int. Symp. Robotics

Research ,pp. 435-444, 1989.

P. Tournassoud, “A strategy for obstacle avoidance and its application to
multiple-robot systems,” in Proc. 1986 IEEFE Int. Conf. on Robotics and Au-

tomat., pp. 1224-1229, 1986.

J. Barraquand and J. Latombe, “Robot motion planning: A distributed rep-
resentation approach,” Int. Journal of Robotics Research, vol. 10, pp. 628-649,
1991.

L. Kavraki and J.C. Latombe, “Randomized preprocessing of configuration space
for fast path planning,” International Conference on Robotics and Automation,

[EEE Press, San Diego, CA, pp. 2138-2139, 1994.

L. Kavraki, P. Svestka, J.C. Latombe and M. Overmars, “Probabilistic roadmaps

for path planning in high-dimensional configuration spaces,” IEEFE Transactions



[51]

[52]

[53]

73

on Robotics and Automation, vol. 12, pp. 556-580, 1996.

G. Sanchez and J. Latombe, “Using a prm planner to compare centralized and
decoupled planning for multi-robot systems,” in Proc. 2002 IEEE Int. Conf. on

Robotics and Automat. , pp. 2112-2119, 2002.

P. Svestka and M. Overmars, “Coordinated path planning for multiple robots,”

Robotics and Autonomous Systems, vol. 23, pp. 125-152, 1998.

J. Hopcroft, J. Schwartz, and M. Sharir,“On the complexity of motion planning
for multiple independent objects, PSPACE hardness of the “warehouseman’s

problem” )’ Int. J. Robotics Research 3, vol. 4, pp. 76-88, 1984.

J. Hopcroft and G.T. Wilfong, “Reducing multiple object motion planning to
graph searching,” SIAM J. Comput vol. 15, no. 3, pp. 768-785, 1986.

L. Carrioli, “Unsupervised path-planning of many asinchronously self-moving

vehicles,” in Proc. IROS’91, pp. 555-559, 1991.

K. Kant and S.W. Zucker, “Toward efficient trajectory planning: The path-

7

velocity decomposition,” Int. Journal of Robotics Research, vol. 5, no. 3, pp.

72-89, 1986.

M. Erdmann and T. Lozano-Perez, “On multiple moving objects,” in Proc. 1986

IEEE Int. Conf. on Robotics and Automat., vol. 3, pp. 1419-1424, April 1986.

R. Alami, F. Robert, F.F. Ingrand and S. Suzuki, “Multi-robot cooperation
through incremental plan-merging,” Proc. 1995 IEEFE Int. Conf. on Robotics
and Automat., pp. 2573-2578, 1995.

S.J. Buckley, “Fast motion planning for multiple moving robots,” in Proc. 1989

IEEE Int. Conf. on Robotics and Automat., pp. 1419-1424, 1989.



[57]

[58]

[59]

[60]

[61]

[62]

[64]

74

P.A. O’Donnell and T. Lozano-Perez, “Deadlock-free and collision-free coordi-
nation of two robot manipulators,” in Proc. 1989 IEEFE Int. Conf. on Robotics

and Automat., pp. 484-489, 1989.

S. Leroy, J.P. Laumond and T. Simeon, “Multiple path coordination for mobile
robots: A geometric algorithm,” International Joint Conference on Artificial

Intelligence, pp. 1118-1123, 1999.

M.Z. Yannakakis, C.H. Papadimitriou and H.T. Kung, ”Locking policies: Safety
and freedom for deadlock,” in Proc. of the 20th Annual Symposium on Founda-

tions of Computer Science, pp. 286-297, 1979.

Z. Bien and J. Lee, “A minimum-time trajectory planning method for two
robots,” IEFEE Transactions on Robotics and Automation, vol. 8, no. 3, pp. 414-
418, 1992.

C. Chang, M.J. Chung and B.H. Lee, “Collision avoidance of two robot ma-
nipulators by minimum delay time,” IFEE Transactions on Systems, Man and

Cybernetics, vol. 24, no. 3, pp. 517-522, 1994.

S. La Valle and S. Hutchinson, “Optimal motion planning for multiple robots
having independent goals,” Proc. 1996 IEEE Int. Conf. on Robotics and Au-
tomat., pp. 1847-1852, 1996.

P. Svestka and M. Overmars, “Coordinated motion planning for multiple car-like
robots using probabilistic roadmaps,” Proc. 1995 IEEE Int. Conf. on Robotics
and Automat., pp. 1631-1636, 1995.

S. Carpin, E. Pagello “A distributed algorithm for multi-robot motion plan-

ning,” in Proc. of the Fourth Furopean Workshop on Advanced Mobile Robots



[65]

[68]

[72]

5

(EUROBOTO01), September, pp. 207-214, 2001.

K. Sugihara and I. Suzuki, “Distributed motion coordination of multiple mobile
robots,” IEEE International Symposium on Intelligence Control, pp. 138-143,
1990.

O. Tanaka, “Forming a circle of distributed anonymous mobile robots,” Bachelor

thesis, Dept. of Electrical Engineering, Hiroshima University, 1992.

I. Suzuki and M. Yamashita, “Distributed anonymous mobile robots: Formation
of geometric patterns,” SIAM Journal of Computing, vol. 28, no. 4, pp. 1347-
1363, 1999.

X. Defago and A. Konagaya, “Circle formation for oblivious anonymous mobile
robots with no common sense of orientation,” 2nd ACM International Annual

Workshop on Principles of Mobile Computing , 2002.

C.W. Reynolds, “Flocks, herds, and schools: A distributed behavioral model,”

Computer Graphics, pp. 25-34, 1987.

C.W. Reynolds, “Steering behaviors for autonomous characters,” in Game De-

velopers Conference, 1999.

J. Reif and H. Wang, “Social potential fields: A distributed behavioral control
for autonomous robots,” K. Goldberg, D. Halperin, J.C. Latombe, and R. Wil-

son, editors, International Workshop on Algorithmic Foundations of Robotics

(WAFR), A. K. Peters, Wellesley, MA, pp. 431-459, 1995.

Latombe,J.C., Robot Motion Planning, Boston: Kluwer, 1991.



76

[73] Kalantari, B., “An infinite family of bounds on zeros of analytic functions and
relationship to Smale’s boun,” Mathematics of Computation, vol. 74, no. 250,

pp. 841-852, 2004.

[74] M. Lal, S. Sethuraman, S. Jayasuriya, J.M. Rojas, “A new method of motion

coordination of a group of mobile agents,” in Proc. of IMECE, 2006.

[75] M. Lal, S. Sethuraman and S. Jayasuriya, “A novel homotopy approach for

motion coordination of a group of mobile agents”, ICAMEM, 2006.

[76] M. Lal, A. Maithripala, S. Jayasuriya, “A continuum approach to global motion
planning for networked agents under limited communication,” in Proc. of the

International Conference on Information and Automation, 2006.

[77] M. Lal, S. Jayasuriya, S. Sethuraman, “Motion planning of a group of agents

using the homotopy approach,” in Proc. of IMECE, 2007.

[78] Blum,L., Cucker,F., Shub,M., and Smale,S., “Complexity and real computation,”

Springer, 1998.

[79] Dickenstein,A., Feichtner,E.M., and Sturmfels,B., “Tropical discriminants,”

math.AG /0510126,



7

VITA

Mayank Lal was born in Jharkhand, India. He received his Bachelor of Technol-
ogy degree in Mechanical Engineering from the Indian Institute of Technology (IIT),
Kharagpur in June 1999, and his Master of Science degree in Mechanical Engineer-
ing from Texas A&M University, College Station in December 2004. He received his
Ph.D. in Mechanical engineering from Texas A&M University in August 2008. His
main area of research is robot motion planning. He can be reached at G-3, Saraswati,

Alok Vihar, Ghorabandha, Jharkhand, India-831008 or at mayank.lal@gmail.com.

The typist for this dissertation was Mayank Lal.



