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Abstract

This paper addresses the coordinated navigation of multiple independently actuated disk-shaped
robots - all placed within the same disk-shaped workspace. We encode complete information about the
goal, obstacles and workspace boundary using an artificial potential function over the cross product
space of the robots’ simultaneous configurations. The closed-loop dynamics governing the motion of
each robot take the form of the approriate projection of the gradient of this function. We show, with
some reasonable restrictions on the allowable goal positions, that this function is an essential navigation
function - a special type of artificial potential function that is ensured of connecting the kinematic
planning with the dynamic execution in a correct manner. Hence, each robot is guaranteed of collision-
free navigation to its destination from almost all initial free placements.
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1 Introduction

This paper addresses a geometrically simplified version of coordinated motion planning [11]. A collection
of disk-like robots inhabit a two-dimensional disk-shaped workspace. Each robot can move simultaneously
with and independently of the other robots. Moreover, each has a specified goal location in which it needs to
end up. The ensemble of these locations encodes the overall task. Departing from the classical coordinated
motion planning paradigm, in a manner similar to [37], we further require that i.) each robot’s control
strategy be reactive rather than a tracking strategy based on an a priori generated plan of motion; and ii.)
if possible, the kinematic planning and dynamic control stages be unified. In other words, each robot must
start from its arbitrary initial placement, confront the other robots dynamically and eventually end up in
its goal position. Unlike the traditional open-loop plans where the robot trajectories are calculated a priori,
a feedback-based system can react to changes and thus be more efficient and robust.

This paper presents a formulation of the problem using artificial potential-fields that is guaranteed
to move all the robots to their destinations without any collisions along the way. First, an artificial potential
function that encodes complete information about the goal as well as the freespace is constructed. The
constructive technique is a slight variation of that previously presented in [37]. The closed loop dynamics
governing the motion of each robot occurs in a coordinate slice of the gradient field induced by this function
- hence giving a set of coupled dynamic systems. Although this approach is in principle a completely general
alternative approach, possible existence of undesired local minima on which the system might get stuck has
been a major drawback. While constructive techniques have been reported with success for different, but
related versions of the problem [15, 6], the applicability of these constructs to the realm of coordinated
navigation in two or higher dimensions had still remained a conjecture [37]. This paper shows for the first
time that the line of reasoning presented in [29] can be generalized to coordinated navigation of disk-shaped
robots in a disk-shaped workspace. Provided certain contraints on the allowed goal positions are satisfied,
navigation to the goal placements can be guaranteed.

1.1 Coordinated Motion Planning

Traditionally, the coordinated motion problem has been seen to be a special case of the general open-loop
motion planning problem: i.) The kinematic planning is treated seperately from the dynamic control stage
[23, 25, 7], and ii.) All the robots are considered as a single system whose degrees of freedom is the sum
of all the individual degrees of freedom [32]. In these open-loop approaches, the focus is on developing
computational geometric means that are assured of finding a path in the configuration space that does not
violate any of the hypersurfaces encoding the constraints on the robots’ degrees of freedom [9, 30]. Depending
on how the planning is achieved, these approaches are either classified as being centralized or decentralized
[35]. Unfortunately, the complexity of the coordinated motion planning has proven to be PSPACE-hard
even in two dimensional environments where only translations are allowed and when the final configuration
specifying the final positions of all movable objects are known [11, 38]. This result has been viewed as a guide
to the difficulty of the problem and has led researchers to consider the more tractable, but restricted classes
of the problem. For example, for cases where the contact surfaces are defined by a total of n polynomials
of maximum degree d, it has been suggested that the general Roadmap Algorithm can be applied to get a
solution of order O(n?(log n)d(zp)4) in deterministic time [32]. Improvements to this result have been made
by considering simpler instances - such as for the case of two independent robots where each has two degrees
of freedom and moves in the plane amidst polygonal obstacles having a total of n corners, a O(n?) algorithm
has been presented in [31]. This result has been extended to k disks to get a solution with O(n*) running
time [32, 26] — hence polynomial in the geometric complexity and exponential in the degrees of freedom.
Against this backdrop, researchers have then approached the problem by proposing heuristic or
approximate schemes [32]. In centralized approaches, the problem is transformed into path and velocity
planning subproblems [12] or into a series of planning subproblems in a prioritized manner [9]. There have
also been approaches that reduce the dimensionality of search by equivalent characterization as a set of
pairwise coordination diagrams [34] or via constraints that when imposed lead to guaranteed polynomial-
time solutions [33, 4]. Alternatively, in decentralized approaches, the path planner is distributed among the
robots — all acting independently and iterating a loop of plan, look for collisions, move or replan [35, 24]. In
an intermediate approach, while the independent nature of the robots’ performance measures is preserved,



an algorithm for finding the minimal with respect to the natural partial ordering on the space of motion
plans is presented [22]. Obviously, in case of changes in any of the robots’ objectives or the environment,
complete recalculation of paths is required. Furthermore, there is no guarantee of completeness.

We take an approach within the extreme opposite paradigm: purely feedback-based motion planning.
Such approaches have been only rarely explored in the literature, perhaps because it seems intractable. For
the simpler problem of robot motion among stationary obstacles, a variety of potential field heuristics have
been presented in the literature [20, 27], and the reader is referred to [10] for a comprehensive survey. A
hybrid methodology combining open-loop prioritization with lower level potential fields applied to C-Space-
time obstacles and constructed purely on kinematic principles is proposed in [36]. A probabilistic motion
planning method over the robot configuration space combines gradient motions and random walks in [1].
However, most of these work suffer from local minima. The notable exception has been [18], where it has
been shown that via a special construction, exact robot navigation amongst stationary obstacles can indeed
be achieved in general. The construction techniques used for the artificial potential function enable encoding
of both the goal and the obstacles. The generalization of this approach to coordinated navigation has first
been presented for multiple bead-like robots moving on a line [15]. The controllers are obtained simply by
the projection of the gradient on the respective robot space. The extension to the case of disk-like robots in
planar workspaces has first been presented in [37] - where extensive simulations strongly suggest that these
controllers are guaranteed to converge. A mover robot with such a controller has been demonstrated to be
robust against positional disturbances in a sequential version of the problem — where only one robot can
move at a time [13]. In this paper, we provide a formal proof that indeed verifies correctness results from the
simpler robot navigation realm pertain to coordinated navigation of disk-like robots in planar workspaces.
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Figure 1: (a) A coordinated navigation scenario; (b)-(f)Snapshots from a task.



1.2 Motivation

Consider a typical scenario as shown in in Figure la where the numbered circles represent the robots and
each small solid circle represents the goal position of a robot. Here, all robots except robot 1 are located
very close to their goal positions. A simple open-loop strategy would be to have robot 1 move around the
robots [19]. We are interested in systems which solve this problem completely in a feedback-based manner.
Since all the robots can move simultaneously, this should be taken advantage of whenever possible. For
example, in this case, a feedback-based strategy leads to cooperation: robots 2 and 3 can nudge slightly to
the left and right by enough amounts to allow robot 1 pass through, and then move back. Then robots 4
and 5 do the same thing and eventually robot 1 moves to its home position. Instead of a complete a priori
specification, we would like to formulate an only partially specified recipe for the automatic generation of
actuator commands that is reactive to robots’s positions at all times.

1.3 The Problem Statement

Consider a collection of p disk shaped robots lying on the same two dimensional workspace bounded by an
outer disk. Each robot has a two degrees of freedom motion capability in this workspace, is assigned to
a goal position vector and can move independently of the others. Thus each robot becomes an obstacle —
possibly moving — for the remaining other robots. We assume that:

(i) Each robot has ideal bounded torque actuators;
(ii) Each robot has perfect real time knowledge of its own position; and
(iii) Each robot knows exactly the sizes and the locations of the other robots any time.

Let b denote the augmented state vector of all the robots. For this paper, we consider the simplest control
setting and model their change of state b according to control law: b = u. We seek a means of determining
the control input u in terms of the present robot state in such a fashion that the robots would converge to
their goal positions starting from almost all initial conditions. For this, we define a smooth map (b(t)) :
F —[0,1]. We then let u = —V where —V is the negative gradient of the map ¢ with respect to b. The
equilibria b(co) of this system constitute its fixed points. This task is successfully completed if b(oco) = g or
successfully terminated if b(o0) # g.

1.4 Navigation Functions

Since the basin of a point attractor is a topological ball, whereas the free configuration space of this problem,
F (to be defined formally in the next section), is not, there clearly cannot exist vector fields that take every
point b € F to the goal g. However, there is no such obstruction to smooth vector fields with a point
attractor whose basin includes all of F excluding a set of zero measure. We believe that the disadvantage
of "losing the way” on an ”invisible” subset of freespace is offset by the many considerable advantage that
dynamical systems based motion planning enjoys, as reviewed, for example in [5], hence our interest in the
following class of scalar valued functions, originally defined in [16]. A map ¢ : F — [0,1] is a navigation
function if it is:

1. Analytic on F;

2. Admissible on F - It attains its maximum on the boundary 0F.

[e]
3. Polar on F- its unique minimum occurs at the goal configuration g € F;
4. Morse on F - All critical points are non-degenerate;

If negative gradient of ¢ is transverse on the boundary and directed inwards, all solutions of the gradient
system approach the critical points where the gradient vanishes. If ¢ is a Morse function (critical points
are non-degenerate), then critical points are isolated, and the unstable equilibria (saddles or local minima)
attract a set of points whose measure is zero. In particular, if g is a unique minimum of ¢, then almost all
points move towards g. Thus, an appropriately constructed ¢ solves the geometric path planning problem.



Moreover, if ¢ is interpreted as an artificial potential function, then the gradient vector field leads to the
automated generation of robots’ control torques. Furthermore, within certain constraints, the robots’ limiting
behavior is identical to that of the vector field.

Suppose we relax requirement that ¢ is Morse on F as follows and have what we term essential navigation
Sfunction:

[e]
4. Morse on F - All interior critical points are non-degenerate;

In consequence, degeneracy is possibly permitted on 0F. However, no open set of initial conditions can be
attracted to such critical points since ¢ cannot increase along the motion of —V.

1.5 Contribution of the Paper

The main contribution of the paper is to show that our construction (4) is indeed a navigation function. For
this yields — for the case of disk-shaped robots all moving independently in a disk-shaped workspace — an
exact coordinated navigation algorithm with the provably correct feedback laws for the robots [16, 29] almost
everywhere in the configuration space. More precisely, we show that with some reasonable restrictions on
the goal positions, the constructed artificial potential function can be made to be an essential navigation
function — by suitable assignment of the parameters that we prescribe exactly in las a function of the known
problem geometry.

2 The Candidate Potential Function

2.1 Notation

Let the collection of p € Z* robots be denoted with the index set P = {1,...,p}. Each robot i € P is
located by its center point b; € R?, defined by its radius p; € R* and assigned a goal position g; € R%. The

. A .
state b € R?P of all the robots is defined as* b = Y icp bi @ e, where eq,ea,...,e, € RP are the unit base

vectors in RP. The aggregate goal vector g € R?? is defined by ¢ 2 Yicp 9i ® e
Now, define the index set of robot pairs Q@ = {(¢,7) |i,j € P,i < j}. The cardinality of @ is denoted

by ¢ 2 Q| = (’2’) = p(p—1)/2. For all robot pairs (i, j) € Q, define their distance d;; € R? as d;; o- b —b;.
Note that by definition d;; = (Ig ® cg) b, where I,, is the n dimensional identity matrix and c;; = e; — €j.
The robots’ pairwise relative distance is d;; = ldi;||. Similarly, their relative pairwise distance at the goal is
gi; € R? defined by g;; 2 gi — g;. Again, by definition g;; = (Ig ® CZ;) g. Let QY denotes the index set of

robot pairs including the workspace boundary as a zeroth disk, that is, Q° = QU{(0,i)|vie P}.
The robots cannot overlap each other, so we require that:

A .
dij > pij = pi + pj V(i,j) € Q (1)

Furthermore the workspace is bounded by radius pg € RT, hence each robot ¢ must remain inside a disk of
radius po; 2 po — pi, that is:
1bi]l < poi ViePp (2)
The free robot configuration space F, is defined as the subset of robot positions in R? which satisfy
(1) and (2).
A . .
F={beR¥|(Vie P |bi| < poi) A (V(i,4) € Q,0i5 > pij) } (3)

In other words, we are concerned with the closure of non-contacting placements.

*Here, ® denotes the Kronecker product, where, if A € R**™ B € RP*4, then A® B € R"P*™4 with an ijt" block of size
p X q specified by a;;B.



2.2 Construction

Following the recipe in [29], the candidate function ¢ : F — [0, 1] is constructed as the composition:

p(b) = 0400 0p(b) (4)

The function ¢ : F — [0, 00) encodes the goal point and the obstacles of all the robots using the quotient of
two functions v : F — [0,00) and 5 : F — [0, 00):

& 7*(b)

) ke z* (5)

¢(b)

The numerator ~y(b) 2 (b —g)T (b — g) encodes the distance from the goal. The denominator encodes the
distance from freespace boundary and is defined as ((b) £ [Tii jyeqo Bii(b), where V(i,j) € Q, Bi;(b) =
67 — p3; and Vi € P, Boi(b) = pp; — ||bi]|*. The freespace boundary 0F is the zero level set of 57'(0) and
entails robots touching each other or the workspace boundary.

Since ¢ blows up on dF, it is not admissable. In order to make ¢ admissible, it is squashed by
the function o : [0, 00) — [0,1], defined by o(z) = 7. The resulting function becomes admissible but the
goal point g is a degenerate critical point. In order to make it non-degenerate critical point, the sharpening
function o4 : [0,1] — [0,1] is applied, given by o4(xz) = z'/F. Thus, the resulting function ¢ becomes
admissible and has non-degenerate minimum at b = g.

2.3 Restriction on Goal Locus - g

Our proof requires a few natural restrictions on allowable goal positions g. We doubt they are necessary,
but we have not found a means of relaxing them and while still maintaining the desired result. Interestingly,
similar constraints have been introduced for the different, but related versions of the problem in earlier
studies. For example, to retain the geometry as well as the topology of a ”sphere world” in the freespace,
the robot is defined as a point mass object in [18]. In [28], the minimal gap between any pair of obstacles is
restricted to be larger than the diameter of the robot and the mated object. Our assumptions constrain how
closely the robots may be commanded to locate finally with respect to each other and to the outer boundary
in their goal positions. The goal g is allowed to be chosen from a subset of F subject to two assumptions
given in the sequel.

First, it is helpful to introduce a classification of the freespace that is e away” from the boundary
by defining a notion of robot neighborhoods and their associated ”clusters” as follows.

Robot Neighborhoods: Let e € R™ be an arbitrarily small design parameter. Vi € P, define an e-neighbor

set Ne(b,i) C P to be the indices of its closest neighbors — namely N (b,14) £ {j € P|0< B;;(b) <e}.
Define the complement sets, N.(b,i) = P — N.(b,i). Now, recursively define the nth e-neighbor sets
N2 (b,i) C P as N2(b,i) := {i} and

NPFU(bd) = U M) | N .0)

JENT (b,i) I<n

According to this definition, each (n 4 1)** neighbor of robot i is ¢ close to some n‘* neighbor of

robot i, but no closer - i.e. it is not ¢ close to any (n — 1)** neighbor. The process is stopped when
NrL(b i) = 0.

Robot Clusters: Specify a partition { Py(b), ..., Py (b)} where P;(b) € 27 and s(b) is the number of cells
in this partition using a recursively defined function P;(b) and its complementary function P;(b) as
follows: The base step is given by

p—1
7 =1, Py(b) := U Ng(b7 r1)
j=0



Figure 2: Unfeasible goal configuration

and the recursive step is given by

p—1
Tp41 := Min ﬂ Pi(b) |, Poi1(b) := U NI (b, rpi1)
=0

Jj<n

stopping when [ i<n ( ) = 0. At each configuration this partition divides up the robots into distinc-
tive clusters of ’ closest neighbors”. For convenience, we wish to keep track of the partition cell index

set S(b) 2 {ie Pli<s(b)}. We verify that [[;cq,) Fi(b) is a partition over the robot index set in
Lemma B.3.

Next, consider an arbitrary cluster P’ C P containing at least two elements |P’| > 2. Associate
with it its set of "supporting configurations”, 7' C F
A ‘
F'={beF|FieSbh),P) =P}

Let Q' C @ be the corresponding pair index set defined as:

A, .
Q ={(i,j) €Qli,je P'} (6)
Finally define two derived problem parameters A’ and A" as follows:

2
N 2|P |
N Smacq D, b+
(i,5)€Q’

ZJ ) ® en

nep’

and

A” é ) max Z 6”» (8)

beF imargmax,cp onll | 3,

where p 2 ming jyeq {pi;}, J 2 [ _(1) é } is the 90° planar rotation matrix and g’

D

\P’I > icps bi is the

centroid of the robots in the cell P'.

With these definitions in place we are now ready to introduce the assumptions that restrict the
allowable goal configurations. The first states that for any robot cluster, the goal positions of the robots in
this group are separated from each other by a value of A’. This term is the maximum value of a function of
the pairwise distances between the robots and their centroid.This maximization is over any cell containing
these robots. Figure 2 shows a workspace configuration containing three robots (big circles) which might
be blocked on the way to their goal positions (dark points) since the goal points are not separated enough
according to Assumption 1.



Assumption 1 VP’ € 2P where ||P'|| > 2
> gl >N
(i.5)eQ’
where Q' and A’ are calculated according to the equations 6 and 7. O

The second assumption states that for any robot group, each goal position is not allowed to be
located closer to the workspace boundary more than a value of A”. This term is the maximum value of
the sum of the distances between the closest robot to the workspace boundary and the other robots. This
maximization is over any cell containing these robots.

Assumption 2 VP’ € 2P where where ||P'|| > 2

IP'IVp7? —e = A" =3 lgill >0

iep’
where A" is calculated according to the eqn. 8 and p” 2 min;ep {poi }- O

We are sure that these assumptions, introduced to facilitate the proof, involve bounds that are clearly
unnecessarily conservative. In the extensive simulations studies of Section 4, we have never bothered to
verify that they hold. Nonetheless, for formal guarantees to hold, the goals would need to satisfy the two
assumptions and the tuning parameter k, would indeed need to be set as a function of these bounds.

3 The Candidate is a Navigation Function

3.1 Statement of Main Theorem

If ¢ is a navigation function, it is guaranteed that the corresponding gradient field leads to the automated
generation of the robots’ control torques which move the robots toward ¢ starting from almost any initial
robot positions [18].

Theorem 1 For any goal g satisfying assumptions 1 and 2, there exists a positive integer K* € Z% such
that for every k > K*, the real-valued function,

k b 1/k
o) = a200060) = (s o)
®)
s an essential navigation function.

Proof: By definition, ¢ is analytic and admissible on F. By Proposition 3.1, for any free robot
configuration space F constrained by Assumptions 1 and 2, there exists a positive integer K € Z* such that
for every k > K, ¢ is polar in F. By Proposition 3.2, for any goal constrained by Assumptions 1 and 2, there

[e]

exists a positive integer N € ZT such that for every k > N, ¢ is Morse on F. Taking K* = max{K, N}, the
result thus follows. O
3.2 Proof of Correctness

Consider the partioning of the free configuration space F into five disjoint subsets - following a line of
reasoning inspired by that of [29]:

1. the goal point {g}
2. the boundary of the free space 0F = 71(0)
3. the set near the outer boundary Fo(e) = {b € F|Fi € S(b),3j € Pi(b),0 < Fo;(b) <e} — ({g} UIF)



4. the set near the internal obstacles Fi(e) = {b € F|Ji € S(b),|P;(b)] > 2} — ({9} UOF U Fy(e))
5. the set away from the obstacles Fa(e) = F — ({g} UIF U Fy(e) U Fi(e))

Let C,, £ {be F|||Dy| = 0} denote the set of critical points of the function . Let T : F — 29" denote the
touching pairs function — that is

T(b) = {(i,j) € Qo = pis YJAL(0,9), € Pl|bi]| = poi }

The following proposition shows the absence of the local minima of function .

Proposition 3.1 For any free robot configuration space F constrained by Assumptions 1 and 2, there exists
a positive integer K € Z+ such that for every k > K, the real-valued function,

i 1/k
. 7" (b) )
b)=040000(b) = ———L— 10
@(b) = 0q @(b) (vk(b)+ﬂ(b) (10)
has unique minimum point at g, that is, @ is polar on F.

Proof: The polarity of ¢ is analyzed in each subset of F. The functions ¢ and ¢ have the same critical
points with the same type (minimum, maximum or a saddle) [29].

1. By definition, ¢(g) = W. Taking the gradient Vv(b) = 2(b — g) and noting that v(g) = 0
and V(g) =0,
1 1/k 1/k
Vel(g) = 7*(9) +B(9)) " V(9) =1(9)V (v*(9) + Blg)) ) =0
(v*(9) + B(g))** (( ) ( ) )

Then ¢ is a critical point of ¢. Since y(g) = 0, ¢(g) = 0. Furthermore, by construction, ¢ : F — [0, 1],
then ¢ is a minimum point of .

2. Next, consider ¢ on 0F. By definition, at least two robots must touch to each other or one robot must
touch to the workspace boundary. Partition OF = {b € 9F : |T(b)|| =1} U{b € OF : | T(b)| > 1}.
There are no critical points in {b € dF : | T(b)|| = 1} by Proposition C.1. The critical points in
{b€ 0F : ||T'(b)|| > 1} are maxima by Proposition C.2.

3. ¢ has no critical points in Fy(e) by Proposition C.3 - which asserts that for every ¢ > 0, there exists
a lower bound on the parameter k, Kz(e) > 0, such that, if £ > Ks(¢), then Cy N Fo(e) = 0.

4. The critical points in Fj(¢) are not minima by Proposition C.4 — which asserts the following: For every
e > 0, there exists a lower bound on the parameter k, Ko(g) > 0, such that, if & > Ka(e) then ¢ has
no minimum in any set Fi ().

5. ¢ has no critical points in F»(¢) by Proposition C.5 — which asserts that for every € > 0 there exists a
lower bound on the parameter k, Ki(g) > 0, such that if £ > K;(¢) then Cy N Fa(e) = 0.

The proof of Proposition 1 is completed by choosing lower bound K > 0 on the parameter k as follows,
K = max {K;(¢),Ka(e),Ks(e) } (11)

O
A non-degeneracy result is made by the Proposition 3.2.

Proposition 3.2 For any free robot configuration space F constrained by Assumptions 1 and 2, there exists
a positive integer N € Z such that for every k > N, the real-valued function,

A 1/k
o) = 0200040 = (12)

has non-degenerate critical points, that is, ¢ is Morse in F.



[e]
Proof: The function ¢ is analyzed in each disjoint region of F.
1. The goal point g is a non-degenerate minimum point by Proposition D.1.
2. There are no critical points in Fy(e) by Proposition C.3

3. By Proposition D.2, there exists a lower bound N > 0 on the parameter k such that if & > N, then
D2 restricted to Fi(g) is non-singular.

4. There are no critical points in F2(e) by Proposition C.5.

If the parameter k is chosen accordingly, the result follows.
O

4 Simulations

We now report on extensive computer simulations of the flows associated with the construction to suggest
the nature and quality of the motion planning resulting from the artificial potential function ¢. We study a
problem involving six robots and five different randomly chosen goal configurations with increasing tightness
as shown in Figure 3. Define a workspace tightness measure tight as,

100
logy g (H(i,j)eQ llgi1I* — pzzj)

Note that this measure of tightness captures the difficulty of the task. The closer the robots need to be
packed together the more careful and precise the robots have to be in their movements.

tight =

a) ® b) c)
° °
® °
° °
® ® ® e o
°
° °
° °
°
d) e)
® .. e o'.'
o ® °®

Figure 3: Experiments of increasing tightness: a) tight = 2.44, b) tight = 2.63, ¢) tight = 2.87, d)
tight = 3.30 and e) tight = 3.45

We will summarize performance by means of the measures originally introduced in [37]. The first
performance measure is the normalized robot path length measure nri which is the total distance travelled
by the robots normalized by the sum of the Euclidean distances between initial and final positions of the
robots,

Siep ol llbi(t)|dt
EieP Hbi(o) - gi”

nrl =



nrl - normalized robot path length

1.0
T T T

2 3 4
tight -- workspace tightness

Figure 4: Normalized robot path length performance vs. workspace tightness

Here, t; denotes the duration of a simulation, b;(t) denotes the position vector of robot ¢ at time ¢ and b;(0)
denotes the initial position of robot i. The second measure is the design parameter k of function .

4.1 Normalized robot path length nrl vs. workspace tightness tight

Figure 4 shows the variation of nrl as a function of goal tightness measure tight. In this graphic, each bar
represents the mean and the standard deviation of 30-40 sample runs with random initial configurations.
k is taken to be 60. The effect of k is discussed in the following section. Unlike [37], we observe that the
general trend and the deviation of nrl values increase with increasing workspace tightness. This result is
expected since the closer the robots need to pack together, the more times will encounter each other, thus
requiring longer paths that move around each other in order to reach their goal positions. It is seen that in
the most complex workspace, path length is on average 1.25 - 25 percent longer than the (typically infeasible)
Euclidean straight line between initial and final configurations. In the easiest workspace, this value decreases
to 1.08.

4.2 Normalized robot path length nrl vs. k

Figure 5 shows the dependence of nrl values on k parameter. The graphic presents the mean and the
standard deviation values of 30-40 sample runs for the goal configuration given in Figure 3d and starting
from random initial configurations. It is observed that the general trend of nrl values agree with those
presented in [37] and decreases with the increasing k parameter. This result can be attributed to these facts:

1. For small k values, in the constructed potential function, the term for obstacle avoidance dominates.
The robots attempt to increase their proximity to nearby robots as much as possible. Consequently,
the paths taken by the robots increase. Still, the maximum mean nrl value is 1.68 when k = 20.
Furthermore, the moving task is not accomplished for k values smaller than 20 in the simulations
starting from some initial configurations. This fact is expected since there is a lower bound on k for
convergency to the goal positions.

2. For large k values, the robots are concerned with pointing towards their goal positions rather than
avoiding each other. In this case, a robot may try to pass through the spaces between the other robots
which are only 1-2 cm larger than its diameter. Therefore, the paths taken by the robots become
smaller.
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Figure 5: Normalized robot path length performance vs. k

5 Conclusion

This paper generalizes the exact artificial potential field methodology to the coordinated navigation of
independent disk-shaped robots all moving in a disk-shaped workspace. Intuitively, the source of complexity
that characterizes this problem arises because each robot becomes a dynamic obstacle for the remaining
robots. Since this is a real time dynamical systems based planner, there can be no a priori knowledge of
robots’ trajectories. However, we assume that (i) every robot has ideal bounded torque actuators; (ii) every
robot has the perfect knowledge of its joint positions in an on-line manner; and (iii) each robot knows exactly
the sizes and the locations of the other robots any time. The approach taken consists of encoding complete
information about the goal, dynamic obstacles and workspace boundary using an artificial potential function
- the navigation functions introduced in [16]. As a consequence of its defining properties, the gradient field
resulting from a navigation function yields a flow guaranteed to bring almost every initial condition to the
goal with no collision along the way. The recourse to an online feedback based planner lends robustness
against the inevitable sensor and actuator inaccuracies (structural stability) and unanticipated changes in
workspace configuration (state stability).

The main contribution is to prove that this artificial potential function is an essential navigation
function with the following properties: i) analytic; ii) admissible; iii.) polar - unique global minium; and iv)
almost non-degenerate - all the interior critical points are isolated. The analysis yields closed-form expressions
that depend on the geometric data and the parameters of our construction. First, lower bounds constrain
the allowable goal proximity of among robot pairs as well as to the workspace boundary to be “reasonable”.
Next, suitable parameter values ensure that the construction indeed holds the required properties.

Although underlying smooth navigation functions have been shown to always exist, constructions
for different versions of the problem remain yet to be developed. These results provide for the first time a
smooth, bounded potential-function based algorithm for the coordinated navigation of disk-shaped robots in
a disk-shaped workspace. Admittedly, the disk-shaped robots treated here constitute a very small portion of
the general coordinated navigation problem of arbitrary robots in arbitrary workspaces. We hope that our
construction motivates the building of artificial potential functions for progressively more realistic scenarios.
Moreover, our assumptions regarding ideal bounded-torque actuators, perfect sensing including all other
robots’ positions and even fixed goals — need to be relaxed in the long run.

Finally, we observe that this approach lends itself naturally to a cooperative game-theoretic inter-
pretation of the problem where the robots (players) are viewed playing a game with an identical payoff
function [2]. It is hoped that this link can be used to initiate the formal analysis for different, but related
problems that have been previously formulated as games. One such case is the event driven version of
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the warehouseman’s problem wherein the actuated robot inhabits the same workspace as a collection of
unactuated, but movable parts. While, even for the open loop version of the problem there remains no gen-
eral provably complete result, extensive and systematic experimental assessment from an implementation of
purely event-driven parts’ mover robot indicate that this approach can be extended to this domain as well.

Appendices

A Definitions

This Section presents a summary of the most commonly used the definitions in the paper. The third column
indicates place of first introduction.

p CZ* The number of robots Section 2.1
pP={1,...,p} Robot index set Section 2.1
b; € R? Center of robot i Section 2.1
pi € RT Radius of robot 4 Section 2.1
g; € R? Goal of robot i Section 2.1
€1,€2,...,€p Canonical orthonormal basis vectors in RP  Section 2.1
b e R?P 2 Yiepbi®e; Section 2.1
g€ R?® = Yicp9i®ei Section 2.1
Pij = pi + pj Section 2.1
Q 2 (i, 5)]i,jePi<j} Section 2.1
Q° 2 QU{(0,i)|Vie P} Section 2.1
I, n dimensional identity matrix Section 2.1
Cij 2 e; — € Section 2.1
di; € R2 S b; —b; = (12 ® 05) b Section 2.1
N
Oij - il
gij € R? =gi—g9; = (Lec)y Section 2.1
~(b) 2(h-g)T(b—g) Section 2.2
A 2 .
Bi; (b) = 52, — p?j = H (L ® cg) b|| — pZQj Section 2.2
A .
Boi(b) =pd = Ibill? = o3 — ||(2 @] )b|| Section 2.2
Bin ngyi)zg‘)ﬂ) Bij Section 2.2
A .
B(b) H(Z ) eqQo Bi;(b) Section 2.2
%) 22 5 Section 2.2
Cy The set of critical points of Section 3.2
A . .
Lo; Z # (I2 ® eT) Vie P Appendix E
L;; = \//3_ (Ig ® c; ) Y(i,7) € Q Appendix E
Lo € R? x R?P 2rh.. Lt Appendix E
L; € R? x R 2L, 1]
LeR¥ x R20+a)  2[LoL] Appendix E
T
o € RatP 2 -1 ...-1,1...1 Appendix E
—_—
P q
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Lptb 0 - 0

M e R2(p+a) « Rr+a 2 0 B Appendix E
0 Ly_1pb

Hies(b) Pi(b) A partition defined on P as a function of b  Section 2.3

P, A cell in the partition where |P,| > 2 Appendix C.2

Q- = {(,5) €Qli,j e P} Appendix C.2
p 2 Q\ Q- Appendix C.2

ais = W W(i,j) € Q Appendix C.2

A .

Qo = kgo , Vj€P. Appendix C.2

Q. = {(l n) € Q. ‘aln > %} Lemma E.15

Q7 = {(ln) € Qx| < 3 }. Lemma E.15

B Partition Over Robot Index Set

In this Section, Lemma B.3 shows that ]_Les (®) P;(b) as defined in Section 2.3 is a partition over the robot
index set. Lemmas B.1 and B.2 present two statements used in this proof. For simplicity of the notation, b
argument is omitted in the rest of the paper.

First, let us introduce the algebra of strings of the robot labels. First, let P! 2 P, forn €7t

and1<n<p-—1, Prtl 2 {zw |z € Pyw € P"}. Following, define Yw € P"*1 w 2 wowy ... wy where
Vj €{0,...,n}, w; € P. Now, recursively define the robot string sets A" (i) C P"*! as A°(i) := {i} and

A (i) = {wz|we A™i),z € NIHY6), 2 € Ne(wn) }
The robot string set A" (i), consists of all strings from robot i to each of its (n + 1) neighbors having the
property that contiguous robot numbers denote the e-neighbor relationship. Note that Yw € A™, the length

of w is n 4+ 1. For convenience, we wish to keep track of the index set R £ {r; € P|Vi € S} where r; is as
defined in 2.3. The index set R is the set of all seed robots for all the cells in the partion.

Lemma B.1 For 0 <n <p, Vi € R, Yo € N2(i) and Jw € A™(i) such that w, = .

Proof: Mathematical induction method will be used.
Base step: n =0, Vi € R, Vz € N2(i) = {i}, 3w € A°(i) = {i} which means wy = i.
Induction: Assume statement Vo € N (i), Jw € A™(i) such that w, = z. By definition,

Nettay = Ne(a) | (NG

rEN (1) I<n

Thus N1(i) C Usenn Ne(2). Let y' € NIPFL(4) then o € Usenn i) NVe(2). Then 32’ € NZ'(i) such that
y' € N.(z'). By assumption, Vo € N(i), Jw € A™(i) such that w,, = x. So, Jw’ € A™(i) such that w] = a’.
We find that w'y’ € A"T1(i), since

A = {wy|w e A"(i),y € NIH(i),y € Ne(wn) }
2 {wylw=w'y=y,y € N(a') }
2 {u'y'}
Then Vy € N* (i), 3w € A™(4) such that v = wy € A"T1(i) and finally, v, 11 = y. 0

Lemma B.2 Vi,j € R, Vn;,n; € {0,...,p — 1}, Yo € A" (i), YVw € A" (j) if vy, = wp; then Il €
{0,...,p— 1}, Ju € AL(i) such that u; = j.
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Proof: Let v = vov1 ..., = 01 ...0n, ,7 and w = wow; .. Wy = JWi .. Wy, 7. Tk ky € {0,...,p—
1} such that vy, € Nc(wy,) since for k; = n;, kj = nj, vy, = vp, = r and 7 € N(r). Let kj =
min {k:z <n; ‘Uk,: € Ne(wy;), kj < nj} and k; = min {kj <n; |vk£ € Ng(wkj)} then construct a string '’
with the length I’ as follows,

’ i’l)l Ut Wi ’wlj if V! 75’(1)]6(
u=9q . i e j
W1 Vg W ecwn ] i v = w

e i 5

Note that if vy 7 wy then the length I of ' is I = kj + k} + 1. Otherwise, I = ki + kj. v’ denotes a
string from the robot ¢ to the robot j in which adjacent robot numbers indicate an e-neighbor relationship.
However, this string may not not be the shortest string containing robots ¢ and j. Then, choose the string
with the minimum length such that { = min {l < I |j € N!(i) }. By Lemma B.1, 3u € A'(i) such that w; = j.
(Note that u =u’ if I =1). O

Lemma B.3 [[,.o P; is a partition over the robot index set P.

€S
Proof: By definition, if [;. ¢ P; is a partition, the following must hold:
1. Vie S, P, #10,
2. P=Uses B,
3. Vi,jeS,i#j, NP =0.

To establish (1), note that, by construction P; = Uf;ol N!(r;) contains at least N2(r;) = {r;} # 0
as long as i < s.

To establish (2), use the termination condition in the definition, (., P, = (), and take the comple-
ment of both sides to get |J,o, P = P.

Finally, to establish (3), we use proof by contradiction. Suppose Jz,y € S, x < y such that
P,NP,+#0. Let r € P, N P,. Define i = r, and j = r,. Using definitions of P, and P,,

p—1 p—1
(U)o (G o)
n=0 n=0
Then, 3n;,n; € {1,...,p — 1} such that,
r e N'(i) NN (j)

By Lemma B.1, 3v € A™ and 3w € A™ such that, vo = 4, wo = j and v,, = w,; = r. By Lemma B.2,
e {l,...,p—1} and Ju € Al(i) such that, u; = j. Then, j € NL(i) C P,. But, this is a contradiction since
j # i and j is chosen from a set that is intersected with P,, therefore j & P,. Then the proof is completed.
O

C Polarity

The details of proof of Proposition 3.1 are presented in this section. Section C.1 is included for sake of
completeness — not essential to proof.

C.1 The Free Space Boundary: 0F = 37(0)

Recall touching pair function T as defined in Section 3.2. Note |T'(b)| = 0 means that in the configuration
b, the robots are not touching to each other and to the workspace boundary. The free space boundary 0F
will be investigated for two cases: (i) Case 1: |T'(b)| = 1, (ii) Case 2: |T'(b)| > 2. The following proposition
establishes for Case 1 that there are no critical points on 0.F.

Proposition C.1 If [T'(b)| =1, then C, N OF = (.
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Proof: If |T| = 1, then only one of the terms of 3 is zero. Call this term 3y, (I,n) € Q°. Then, all the gradient
terms in eqn. 23 vanish except that containing 3}, # 0 and V3, # 0. Hence, V|, = —ﬁ (ﬁan@n) #0.
O

The following proposition studies Case 2 and establishes that ¢ admits maximum valued critical
points on OF.

Proposition C.2 If |T'(b)| > 2, then C, N OF contains only mazimum valued critical points.

Proof: Since |T| > 2, El(z J),(l,n) € T, such that f8;; = B, = 0. Then, all the gradient terms in eqn. 23
vanish, Vo|,r = (ﬂ”Vﬂ” —l—ﬁanﬂln) =0. But ¢ : F — [0,1] and <p|c NOF = W = 1, which
means that those crltlcal points achieve the maximum value of . a

C.2 The Set Near the Outer Boundary: F(c)
The following proposition shows that there are no critical points in

Fole) = {be F3i € 5(b),3j € Pi(b),0 < foy(b) < e} — (9 UOF)
the subspace of F that is close to the outer boundary.

Proposition C.3 For every € > 0, there exists a lower bound on the parameter k, Ks(¢) > 0, such that, if
k > Ks(e), then Cy N Fo(e) = 0.

Proof: (By contradiction) By definition, Vb € Fo(e) if ¢(b) = ]I, £i(b) is the corresponding partition
then 3¢ € S(b) such that 3j € P;, fo; < . In other words, there exists at least one cell consisting of at least

one robot close to the workspace boundary.
First, denote the cell which is arbitrarily chosen from the cells consisting of at least one robot close
to the boundary by P,. Let 2’ refer to the index of the closest robot to the boundary in the cell P,, that is,

22 argmax;ep, gy, <e1//bi||}. If b is a critical point, then by Lemma E.5,

kBVy = VB

Expanding the terms V~ and V3,

2kBMb—g) = 7 Z P (o) diy
(4,5)€Q0 Bij

Using the definitions of b and ¢ and letting o, = ﬁ v(i, j) € Q°,

Z(bi —9)®e = Z aij (I2 ® cij) dij (13)

iepP (,1)€Q°

Decomposing the summation on the right-hand side of eqn. 13 over () and P respectively,

Z(bi_gi)®ei = Z aij (I2 ® cij) d ZaOJ (I2®e;)b

i€P (1,7)€Q jeEP

Multiplying both sides by > p (12 ® eg),

Y (Lee)d hi—g)oe = Y (Loe)) > ap(h®cy)d;

nep, i€eP nep; (1,)€Q
- Z (IQ (9 62) Z Qg (IQ (9 ej) bj
neP, JEP
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Using properties of Kronecker product,

YD bi—g)@ere = Y Y aila®ecy)d;

neP, icP neP. (4,/)€Q

— Z Z Oé()j(IQ & egej)bj

neP, jeP

Define Q. 2 {(i,j) € Qli,j € P,} and Q% 2 Q\ Q.. Using Lemmas E.1 and E.2 and simplifying,

Z (bn _gn) = Z al] ij — Z Qonbn,

nek; (1,4)€Qz nep,
S (U+ambn = D gnt Y. oudy
nep; nep; (1,J)€Qz

Taking the magnitude of both sides and applying triangular inequality,

SO taodb| < 3 oo+ Y 28

neP, neP, (2,7) EQ* g

Using b, = b,/ + dp.r on the left-hand side and maximizing 6;;/5;;,

/2
YA/ P TE
S (Atambs+ Y (L+ao)d| < Y lgall+ D B —
nepP, nepr, nep; (i,5)€Qz
Taking minimum of left-hand side,
74/ P?j te
Y (tao)be | =) > (A +aon)dnz|lf < Y lonll+ D —5——
nep, nepP, nep; (1,7)€Qz
> (Lt ao)ball = 30 (1 aon)dne | < D lloall + 72 D0 \Joh+e
neP, neP, neP; (1,7)€Qz
Z (1+a0n) (HbZ’H — Onzr) < Z ||gn||+_ Z \/ng +e
neP, neP; (1,7)€Qz

Using Vn € P, ag, > 0 and minimizing left-hand side,

Z ([[b2r || = 0pzr) Z HgnH-— Z \/p”—l-E

neP, neP, (Z,j )EQ:
Recall that p” = mingep {poi}. Using minye £, (o) {||b-/ ||} = +/p""? — € and minimizing left-hand side,

PIVPZ=e= Y b= Y lloull < = NI

nep, nep, (1,5)€Q%

Using Assumption 2, if g is chosen appropriately the left-hand side of the above inequality will be positive.
Manipulating the inequality,

§ < Y L geq: P T E 19
[PV =2 = Tep, bz = Ler, lgall] ¢
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If k£ is chosen as,

B VX apeq: \ P tE
max
VbeFo(e) |:|Pz| /p//2 JR ZnEPz 6nz’ — ZnEPz Hgn”} £
A
= Ks(e)

then eqn. 14 cannot hold which implies that b is not a critical point. Thus, ¢ has no critical points in Fy(e).
O

C.3 The Set Near the Internal Obstacles: Fi(¢)

The following proposition shows that ¢ has no minimum in the subset of F that is close to the internal
obstacles:
Fi(e) ={be F|Fie S®),|P()] >2} — (gUIFUFy(e))

Proposition C.4 For every € > 0, there exists a lower bound on the parameter k, Ko(g) > 0, such that, if
k> Ka(e) then ¢ has no minimum in any set Fi(e).

Proof: 1t is sufficient to show that for Cz NFy(e), Jv € R?P such that v D?pv < 0. By definition, Vb € Fi(e),
there is a partition [[,c g, Fi(b) such that 3i € S(b) where |F;(b)| > 2. Pick arbitrarily a cell consisting of
at least two robots and denote it by P, — that is |P,| > 2. Now consider the following vector,

Z J(by, —G:) R en (15)

nepr,

A

where g, denotes the centroid of the robots in the cell P,, g, = P P i > . We have chosen this vector

neP,
based on our following observation in the experiments: When the robots are getting close to each other,

they start moving perpendicular to their centroid. Let us expand the terms of v D?¢uv, using Lemma E.13,

k 2
zﬂ vl D*¢u, = —|ju:|* + 20f LMM" LT, — E’UZLMOOTMTLTUZ
gl ¥

—v 'Ly LT v, + vl LoLE v,
Noting that vI' LMoot MTLTv, = |0TMTLTUZ‘2 >0,

B k
D vi D*¢v. < ;HvzHQ+2HMTLTvz||2—IILlTvzH2+I\Lgvzll2 (16)

Recall that Q. 2 {(i,j) € Qli,j € P,} and P, 2p \ P,. Using lemmas E.17, E.18 and E.19, substituting
the terms || L0, |2, ||LEv.||? and ||[MTLTv,||? into eqn. 16 appropriately,

Jj<i 3>

B k b gzll 165 ng
o DI DI D Dl DY +2
2y v ﬁw f
(,J)€Q= i€P! | jEP, jeP,
116; — g:1I” 9 || =2 ke 2
+Z - Z 252 jid (b5 = 32)] +Z 7 gz) Zﬂ ngz
JEP: i€P, | jep, "It jEP, jep, 705

Grouping the terms on the right-hand side as follows,

s D < 2| Y
i 7| diea.

1 _
20— vl +Z<50 (55 73:)" @ubj—gﬁ)
E Jj

JEP,

o1 a3
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S3by (; 4576y = 5:)" = 5 5 >+Z ( ACECES

ieP! |jep. jep.

11(b —gz)|2>

g2

Recall that Q7 2 Q\ Q.. By Assumption 1 and Lemma E.15, if k is chosen as,

k> ax ST = Ko (e)
€71(e) [Z(l,n)eQz lginll — Z(l,n)eQz Otn — ;—/HUzHQ} €

then o1 > 0. Thus, a sufficient condition to make v’ D?¢uv, < 0, is

k> max {M}QKM@
VbeF1(e) g1

Finally, the proof is completed by choosing, Ka(e) = max{Ka1(¢), Kaz(e)}.

C.4 The Set Away From the Obstacles: Fy(¢)

The following proposition shows that for sufficiently large k values, there are no critical points in the subset

of F that is away from the obstacles:

Fole) =F — {9} UOF U Fo(e) U Fi(e))

Proposition C.5 For every e > 0 there exists a lower bound on the parameter k, K1(g) > 0, such that if

k > Kl(E) then C¢ ﬂ}—g(E) = (Z)

Proof: By Lemma E.5, VbinCys, k3V~y = vV 3. Taking the norm of the both sides and re-arranging terms in

2k6 = VB,

, — VAlvel
S

By Lemma E.16,

IVBI _ maxvper, ) {v7} [
\/’725 < VbE]:E() il Z \/_\/p”—i—a—i—z pE: —

(i,9)€Q ieP

If & is selected to have value,

maxvpe 7, (c) 1/}
> - S VR pE e Y ok

(i,5)€Q i€eP

then, eqn. 17 does not hold which in turn implies that there are no critical points in F(e).

D Nondegeneracy

The details of Proposition 3.2 are given in this section.
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D.1 Goal point {g}

Proposition D.1 The goal point, g is a non-degenerate minimum of .
Proof: Using Lemma E.7

D¢l = 2/k (Wk +B)/ 2Ly, — YD (" + ﬁ)l/k)

1
(v +8)
Noting that 7|, = 0 and Vv|, =2(b—g) = 0;

2

2 _
<‘O|g = Bk Iap

implies that g is a non-degenerate minimum of ¢. O

D.2 The Set Near the Internal Obstacles: Fi(¢)

Proposition D.2 There exists a lower bound N > 0 on the parameter k such that if k > N, then D%*$
restricted to F1(g) is non-singular.

Proof: By Lemma E.13, at a critical point of ¢,

k 2
%D% = Ly +2LMM*LT — ELMOOTMTLT — LW LT + Lo}
Y gl

Note that L has rank 2p by Lemma E.8. Now, rearranging %Igp = kLHHTL" where H = %LT(LLT)’l,

and letting A = [ é 7 } , we may re-write the previous equation as:
O p2s — (o (1 oo™\ MT 4 A4 kHHT) LT
Y = atp — 790 +Aa+
Y

B

The term 44, — %OOT can be guaranteed to be positive semidefinite by choosing,

A
E>q+p=N;

Since L has rank 2p, it will now suffice to show that v Bv # 0, for an arbitrary vector v € Image LT C
R2P+24_ 4 +£ (. Noting that Image LT = (Image LT N KerHT) U (Image LT \ KerH?), this is investigated
in two cases.

Case i - v € Image LT N KerH”: We will show that Image LT N KerHT = {0}. This follows since
Ker HT C Ker L, hence Image LT N Ker HT C Image LT NKer L. However Ker LLT = {0} according to
Lemma E.8, hence the result.

Case ii- v € (Image LT \ KerHT): Note

1
vIBy = 20TM (Iq+p — %00T> MTv+ 0T Av + k| H v|? (18)

Y

vl Av + k|| H v))? (19)

Now if k satisfies the inequality,

>

- —vT Av N
max — =
Fullol=tvgKern” | [|H v ’
then v” Bv > 0. The proof is completed by choosing
N = max{Ny, Ny} (20)
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E Computational Lemmas

This Section presents several lemmas that are used in the polarity and nondegeneracy analyses. The reader
is referred to Appendix A for a summary of all the symbols used.
The following lemmas specify certain properties of e; and ¢;; vectors.

Lemma E.1

e

r, _[1 ifi=
e 0 ifi#]

Proof: 1f i = j, then el'e; = el'e; = ||e;||?. But, by definition e; € R? is a unit vector. Then, |e;[|> = 1. By

definition, e; and e; are base vectors. If i # j then these vectors turn out to be orthogonal. Then eiTej = 0.
O
Lemma E.2 Ifi# j,
1 ifn=1i
cz;-en =< =1 ifn=j
0 ifn#iandn#j
Proof: By definition,
cz;-en = (e;— ej)Ten
= ele, — ejTen
In case of n = 1, ciTjen =ele; — e]Tei =1, by Lemma E.1. In case of n = j, ciTjen =ele; — ejTej = —1, by
Lemma E.1. In case of n # i and n # j, cz;-en =0, by Lemma E.1. a

The following lemma provides formulas for computing the gradient and Hessian matrix of a function of the
form ¢ = .

Lemma E.3 Let u and w be smooth real-valued maps defined on R"™, and let 1 = . Then Vb € Cy,

wVu = uVw
1
2 2 2
Dy o = 2 (wD u—uD w) (21)

Proof: Using rules of differentiation, the gradient of ) is:
1
Vi = o2 (wVu — uVw) (22)
Similarly, the Hessian is:
2 1 2 T T 2 2 1\"
D*)p = — (wD*u + VuVw' — VuVu' —uD?w) + w’Vy [ V—
w w

At a critical point Vi = 0 which implies that wVu = uVw and thus the first result holds. Next note that
this implies that Vu = ¢Vw. Hence

2 _ b 2. .12
DzZJ|Cw7w2 (wDu uD w)

The following lemma gives a formula for the gradient on 0.F.

Lemma E.4

1 1 _
Volor =—75VB=—=% > BiyVBy
ky ky (4,5)€Q°
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Proof: Using rules of differentiation, the gradient of ¢ is,

Vi = o7 (0F + DYV =4V (F + @)

v
(v* + 3)

Substituting V(y* + B)1/* = %('yk + ﬂ)%kV('yk + () and noting that 8|z = 0 on the right-hand side of
Vo,

1 1
Volor = $<Wv—v[kv (Vy* +V6]>

_ i _l 2—ky k-1 _’Y k

= <7V7 el k" Vy 3 7
1
1 _

= % > BiVBy (23)

(i.5)€Q0

Lemma E.5 ¢ =1, Vb € Cy, kVy =4Vf
Proof: By Lemma E.3,

BVA* = VB
Expanding the lhs and simplifying

kBy* IV = 4V
kBVy = VB (24)

Lemma E.6 ¢ = % Vb e Cy,
2 yF2 2 T 272
D¢ = 5 (kB (vD*y + (k = 1)VAVA") —+°D*3)
Proof: Using Lemma E.3, at a critical point, D%} is computed to be
1

D¥ = B (8D*y* —~4*D?p) (25)
Substituting D?y* = kB (yD?y + (k — 1)VyV~T) in the rhs of eq. 25
k—2
N gl
D% = g (k8 (yD*y+ (b= VIVIT) = 47D%5) (26)
O
Lemma E.7
1
D*¢l, = IR ((Vk + B)V/*20Ly, — D2 (" + ﬂ)”’“)
Proof: By definition (eqn. 9), ¢ = W Using Lemma E.3 and noting that D%y = 215,
Dy S ((v’“+5)1/’“212 —7D2(vk+ﬂ)”’“)
Co (v* + B)2/k !
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Define Lg; L __1

4
VBoi B

(IQ ® ezT), Vi € P and Lij

Lo £ [LL ... L% and Ly be the 2p x 2¢ matrix L, = [LT,... L7

Le [LoL1] and o be the (¢ + p) x 1 vector o 2.1,

matrix,

Lo1b
0

(1>

Lemma E.8 L has rank 2p.

Proof: By definition, L £ [T, ... LT LT, . LT

O

2 (Ig ® ciTj), V(i,7) € Q Let Lo be the 2p x 2p matrix

p—l,p] Let L be the 2p x 2(p + ¢) matrix
1T
—1,1 ... 1| . Let M be the 2(p+¢q) X (p + q)
P q
0 0 7
Lp—lmb J

} has at most rank 2p. Moreover, note that rank L >

p—1,p |
- \% ﬁOl 0 o 0
. 0 .
rank Lg. Furthermore observe that by definition Lo = I ® where I5 is rank
0 R
v/ Bop
2 and the second matrix is of rank p. Hence, from definition, L is of rank 2p. Hence the result. o

Next, Lemmas E.9-E.12 presented. These lemmas are used in lemma E.13. Note the following: By defi-
" 2 2
nition, 3;; = H (Il ® cz;) b|| —pz; and [oi(b) = pg; — || (I ®el) b|| . Then, VG3i; =2(I2 ® ¢;5) (l2 ® cg) b and

D?Bij =2 (I ® ¢ij) (Ip @ ¢f;), V(i, j) € Q; Voi =
Vi e P.

Lemma E.9

-2 (IQ (9 ei) (IQ (9 e?) b and DQﬁQi = -2 (IQ ® 6i) (IQ ® 6;),

Vﬁﬁﬂ = 2LMo
(ijeqe Y
Proof:
= TR T
(ij)eqo Y iep PO (G jeq MY
_ Z_Q(I2®ei) (IQ@CZT)b Z 2(IQ®CU) (IQ@Cz;)b
Py v/ Boiv/Boi (i9)e@ v Bii/ Bij
= —2) LELeb+2 > LiLyb
ieP (i.7)€Q
= 2LMo
O
Lemma E.10
D2 -
ﬂé“ = 20, LT —2L,LY
(65eq0 7Y
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Proof:

D?3;; DQBOz D?B;;
Bij Z Boi Z Bij
i€EP ,])EQ

_ 2—2(12@)6) I2®6 Z IQ®CW (Ig®cg;)
iep V/Boir/Fo: (,7)€Q VBii/Bis

= =2 LgLe+2 ) L

icpP (1,5)€EQ
= 2LoL} +20,LT

(3,5)€Q0

Lemma E.11
V3;:V3E
> VBV By 2 % apmmTLr
(i,4)€QP i
Proof:
VB, VB V B0i V3L V3i; V6
> —p - T X—m it —
(4,5)€Q0 ij i€P vi (1,)€Q i

B Z 2L ®e) (Lb®el)b —2(L®e) (L @el)b !

S ( 12®Cw)(12®ciTj)b> <2(Iz®cu>(12®65)b

(9)eQ V Bij/ Bij V Bij/ Bij
= 4ZL Loib(LE Loib)™ + 4 Z LTLijb(LELijb)"
1EP (7])€Q
= ALMMTLT
Lemma E.12
ln#(lxj
Z Z % = ALMoo"MTLT —4LMMTLT
(1,5)€Q° (I,n)€QP iy Fin
Proof:
Ln)#(,
G vpyven Vi Vit V8V oL
2 X ha. T Bis T Dy
(1,4)€Q0 (I,n)€QP e (i)ee " (ijee TV (i,5)eQo i
By lemmas E.10-E.11,
L)) & 5 o AT
>y VOV 2LMo(2LMo)T —aLMMTLT

(5200 (meqy  Piibin

= ALMoo"MTLT —aLMMTLT
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O

The following lemma is used to derive the hessian of D?¢ restricted to Cs N Fi(g). It is used in Proposi-
tions D.2 and C.4.

Lemma E.13 Vb € C; N Fi(e),

B

k 2
5 ——D*¢ = —Ip, +2LMM"L" — ELMOOTMTLT — L1LT + LoLE
o gl

Proof: By Lemma E.6, D?>$ computed at a critical point, is equal to:

k—2
- i
D% = S5 (W8 (yD*y+ (b= VIVIT) = 4D?5) (27)
Using Lemma E.5, k8V~y = vV 3. Take the outer-product of the both sides, (k:ﬁ)2 VAVAT = 42vpvaT.
Assuming b # g, substitute this on the right-hand side of eqn. 27,

D2A_'Yk_1 L3D> 1\~ T 2
=3 BD*y + (1 v ﬂVBVB vD*3

Note D2y = 25, and write the equivalent expanded terms for V3 and D?§ as:

2
oo < s (D)3 3 Aow) (5, o

(,5)€Q° n)eqQ
(tn)#(i,5) 38
- > —DQ@J >y VBV,
(i) (i 5eq0 amego Piabin
Note that Vb € F1(e), v # 0 as g € F1(e). By Lemma E.9,
V_ﬁ” = 2LMo
(i peqo P
By Lemma E.10,
D23; .
ﬂé” = 2L,L{ —2LoL{
(i.yeqe Y
By Lemma E.12,
(1,n)#(i,5) AT
VBV LMoo MTLT — ALMMTLT
> X 53
ijMin

(1,1)€Q0 (I,n)eQ®

Using these equalities and the definitions of L1, Lo, L and M, with some simplifications,

ﬂZ

D% = 2kply,+ (1 - %) %(25LM0)(25LM0)T
—y[B@L1L] — 2LoLE) + B(ALMoo" MT LT — ALMM™L")]
= 2kBIay + (1 — %) 4yBLMoo" MTLT + 2vBLo LY
—2yBL LT — 4yBLMoo" MT L™ + 4ygLMM™T LT
= 2kBI, — %'yﬂLMooTMTLT + 2yBLoLE
—2yBL LT + 4yBLMMT LT
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Divide both sides by 2y and collect terms together,

R k 2
%D% = —Iyp+2LMMTL" — ZLMoo" MT L™ — L, LT + LoL{
27 ¥ k
O
The following lemma is used in Lemma E.15.
Lemma E.14
i<l i>1i#En i<n,iF#£l i>n
E E a0 + E 0q;0y; + E Qinlin + E Qnidni | = (2p.—4) E : Qndin+(p-—1) E Q505
(In)eEQ. \ieP ieP ieP ieP (I,n)eQ. (4,)€Q
Proof: Recalling that P = P, U P, we can expand the summations on the rhs as:
i<l i>1i#n i<n,iF#l i>n
E E a0y + E o301 + E QinOin + E Onilni | =
(I,;n)€Q. \i€P icpP icep icpP
n>l i<l n>l i>1i#n n>1 i<n,i#l n>l i>n
E E E Q104 + E E E a0y + E E E QinOin + E E E OniOni
l€EP, nEP, i€P, leP. nEP, i€P, leP, nEP, i€P, lEP, nEP, i€P,
n>l i<l n>l >l n>l i<n n>l i>n
+ E E E Q104 + E E E a0y + E E E Qinin + E E E OniOni
lEP, nEP, icP! IEP, neP, icP! IEP, neP, icP! IEP, neP, icP!
Next change the order of summations in the rhs consecutively,
i<l i>1i#En i<, i7#l i>n
E E oy i + E a0y + E QinOin + E Onilni | =
(I,;n)eQ. \i€P ieP ieP ieP
I>i n>l >0 n>ln#i n>i 1<n,l#i i>n I<n
E E E Q104 + E E E Q01 + E E E inOin + E E E OpiOni
i€P, leP, nEP, leP, i€P, neP, i€P. neP, leP, neP, icP, IEP,
I>1 n>l >l n>l n>t Il<n i>n l<n
+ E E E Q104 + E E E ;015 + E E E inOin + E E E O
i€P!leP, nEP, leP, icP! neP, i€P! neP, lcP, neP, icP! lcP,
Next change the indices of the summations in the rhs,
i<l i>1i#n i<n,iF#l i>n
E E oy + E a0y + E QinOin + E Onilni | =
(I,;n)€Q. \i€P icP icepP icpP
n>l m>n n>l m>l,m#n n>l m<n,m%l n>l m<l
§ § § 0 Otn + § § § o din + § § § 0 Oin + § § § 0 Oin
leP, neP, meP, leP. neP, megP, leP. neEP, mgP, lEP, nEP, meP,
j>i m>j i>i m>i j>i m<j i>i m<i
+ E E E Oéijéij + E E E Ozijéij + E E E Oéijéij + E E E Ozijéij
i€P! jeP, meP, i€P, jeP! meP, i€P! jEP, meP, i€P, jEP! meP,

Collecting similar terms into one summation,

i<l i>1i#En i<, i7#l i>n
E E o101 + E aq;0y; + E Qinlin + E nibni | =
(I,;n)eQ, \ieP icP icP icP
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n>l  m#n > m#j > m#i
E E 2 E QO + E E E 0055 + E E E 0045
leP, neP, meP, i€ P, jeP, meP, i€ P, jeP, meP,
Grouping the summations and simplifying rhs,

i<l i>1i#n i<n,i#l i>n
> (Z%z&z-# > aubi+ Y ain5in+zani5m> = Y 2p.—2ambm+ > (p:— ;b

(I,;m)EQ, \i€eP i€P iep iepP (I,m)€EQ= (1,5)€Qz

The following lemma is used in Proposition C.4.

Lemma E.15 If

(P - 1) (P0|Pz| + 2 eq: \/ PG T 5)
k> max

2|P,|—2
5O | [Zamea. 19l = Cameq. on — 22| ]12] €
then 3 i peq. kgij 67 = [lvz]]* > 0.

Proof: By Lemma E.5, kgV~y = vV 3. Expanding the terms Vv and V3 respectively,

kB —g) = 7 >

(I2 ® cij) di 725 (12 ®e€;)b;
(4,J)€EQ

jep 709

51]

Now let ; 2 ﬁ, V(i,7) € Q, and ayg; 2 ﬁoj, V4 € P. Manipulating the 8 and k terms and replacing the

and k,gOJ terms by a;; and ag; respectively,

Z(bi_gi)®ei = Z aij (I2 ® cij) d Zao] (Ia®ej)b

ieP (i.4)€Q jep

0
kBij

Both sides are multiplied by (IQ ® cg;l) where [ < n and simplified as:

(I ® ) Z(bz —g)®e = (Lod) Z agj (I2 ® ¢i5) dij
i€P (1,5)€Q
—(Lod) Y ag(l2®e)b;
jEP
Z(bi —9i) ®cler = Z Qi (I2 ® Clncw Z O‘OJ 12 ® Clnej) b,
i€P (i,5)€Q jEP

Using Lemmas E.1 and E.2; both sides are simplified as:

i<l i>1i#n i<n,i#l i>n
din — gin = 20updin + Z adi + Z aiidi; + Z Qindin + Z Qpidni — aoiby + aonbn,
ieP ieP ieP ieP
i<l i>1i#En i<, i7#£l i>n
—gim = Qoun = Ddin + Y _ouday+ > udii+ Y indin + Y omidni — aoidi + aonbn
ieP ieP ieP ieP
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Summing g;,, terms over (), and using triangular inequality,

Yool <D0 12aum — 1,

(n)eQ- (n)eQ-
i<l i>1i#n i<n,i#l i>n
> (Z aibi+ Y bt Y Oém5in+zoém‘5m‘>
(Ln)eQ. \ieP ieP ieP ieP
+ > ||b I+ 750 1bal)
(, n)EQz

Let p, 2 |P,|. Using Lemma E.14 and noting that for Vb € Fi(g), Bo; > €, Vi € P and ||b;] < po- ,
Soollgmll <D 2ot — U+ 2 —4) D cundin
(In)eQ- (,m)eQ: (I,m)€EQ:
+(p-—1) Z @ij0ij + %pz(pz -1)
(1,5)€Q%

Let Q, = Q,UQY where Q’, and Q’/ are defined as: @, = {(,n) € Q. }aln >1land QY = {(,n) € Q. }aln <1}
The summation terms are then decomposed with respect to @/, and Q”:

Z ||gln|| < Z (2aln - 6ln + Z 1 - 2aln 5ln (2pz - 4) Z 1O

(Im)eQ: (I,m)eQy, (Ln)eQy (ln)eqy,

Ypo
+ (QPZ - 4) Z nOin + (pz - 1) Z 04”5” + ke pz(pz - 1)
(I,n)eQY (4,5)€Q:

2
Next note that ¥(i,j) € Q%, 8;; > € and g—’ < —VPEJ—FE Using these bounds and simplifying,
ij

Z Hgln” + Z Oin — Z om < (2pz - 2) Z an i + (2pz - 6) Z 0 Oin

(Ln)eQ- LmeQ.  (Lmeqr (Lm)eQs (Lm)eQy
yp:—1)
> oehte+ —pz (p-—1)
(1,5)€Q%

Let p' = mln (i.5)eq {pij }- Multiply both sides by ) o — and collecting terms together,

/
5 p_2 Z lginll — Z om | < Z i p’ + Z Oélnélnp/
Pz (Lm)eQ- (LmeQ. LmeQ! tmeqr P
ald
+ oo (pope D \Jof e
(4,5)€Q3%

Following note V(I,n) € Q, p’ < d;,,. Using the lower bound in the rhs,

p/
59, — 9 S7ollgmll= D> dm | <D awmdi,+ D awd,
Pz (m)eQ- (meQ. (meq. (Ln)eQy
vp' 5
T 9pe | PPz T Z \/ Pt e

(1,5)€Qz
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Subtract the term ||v,||? from both sides and re-group terms as:

i ol
oot D DN S SEETEE s A I (VIR DR
z

(In)eQ- (In)eQ- (1,7)eQz
A

IN

Z aln5l2n - ||UZ||2

(,n)eQ:

If g is chosen according to Assumption 1, then term A > 0. If k is chosen as,

y(p- — 1) (Popz + Z(Lj)eQ; \/ pzz' + 8)
k > max

vbeFle) [Z(l,n)EQZ ginll = 22 (myeq. Oin — QPZ_QHUZ” }

then E(l n)eQ- al” ln HUZH2 > 0.

Lemma E.16 is used in Proposition C.5.

Lemma E.16 Ifb € F(c), then

VIVl _ maxveer, ) {v7} [2 .
\/_25 < Vbefg()\/_ Z \/—/plj+5+z pOz

(1,7)€Q i€EP

Proof: Expanding the term V3 and using triangular inequality,

VIIVB VI VBl
2p3 = 9 Z ﬁz‘j]

(,1)€Q

Using Vi; = 2(I2 @ ¢ij) (la @ ¢f;) band Vi = =2 (Ia @ e;) (I @ €] ) b,

VAV Nal 12 (12 ® cij) dij| 12 (I2 ® e;) bl
243 = 2 Z ﬁij] : +Z Boi

(1,5)€Q iepP

/P2 /02 —
Taking the norm of the vectors and using HZ” I < VPite and Lol < MPoiZe ) Fale),
ij

— e Boi — e
\/’7||V6|| \/_va—l—a VPOz
273 - Vbe]—' (5 vl (mz;Q ;
< mavaefz(e){ﬁ} Z \/— /p” +5+Z /pOz
g
(1,7)€Q i€EP

Lemmas E.17, E.18, E.19 are used in Proposition C.4.

Lemma E.17
- A = A gzn
Liv.|P= 5 +Z Z +Z
(i,))eQ. "9 iep! | jeP. Bji JEP,
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Proof: By definition,
2
IL ol = > L]
(1.9)€Q
Expanding right-hand side by using the definitions of L;; and v.,

A DY

(1,5)€EQ
Using the Kronecker product property that (a ® b)(c ® d) = ac ® bd,

Il = 3 5| S e -g) e de.

nepP,

2

,J)EQ nepP;
Collecting the terms of @), and P, separately, and using Lemma E.2,
1 _ _ 2
”L{UZHQ = Z f”J(bi_gz)_J(bj - 3:)|l
(i,))eQ. "
7<i 1 7>
53 DR N VORI w10
iep! |jep, 77 JEP,

Simplifying the terms and using the definition of d;4,

j<i j>i

16 — -1~ —ng 116, — -1
e = Y By |y 5>
(.)€Q- "7 iep, |jep. jEP.
Lemma E.18
b — g-1" 9 ||
IEZv )= 3 :
JEP,
Proof: By definition,
2
IL§vl? = > [ Lojus|
jEP
Expanding right-hand side by using the definitions of Lg; and v,
1
L=l = D == (Loe)) > Jb ) ®en
JjeP ﬂO] neP,

Using the Kronecker product property,

1 Lg w2 I? Z

JEP

2

ZJ ®een

nebP,

Using Lemma E.1,
2
ILgv:l” = Zﬁ [[7(b; — g2)|l
0j

JEP:

Z ”b gz”

JEP:

29

6_1 IQ &® C” Z J ® €En

2

g:)II”

ng

2



Lemma E.19

Jj<i j>i
1 _
R = 3 W+ Y |3 e a ) Y
JEP, 07 i€P! jeP, JEP,
Proof: By definition,
2
IMTL v = Y (b"LfLijv.)
(4,5)€Q°
Expanding right-hand side by using the definitions of L;; and v,
IMTL v ? = > [ﬂ—bT (Iy@cy) (@) Y J(bn—0:) ®en
(i.y)eQ LY nep;
+>° B_bT (L®e) (Loel) Y J(bn
jep 709 nep,
Using the definition of d;; and Kronecker product property,
) 2
IMTLT ) = Y [d% > J(bn - 32) ®cz;-en]
(i.)eQ 1 neP:

jeEP nepP,

2
+ Z 60] |f’31 Z J(bn — g2) ® e?en‘|

Collecting the terms of Q. and P! separately, and using Lemmas E.1 and E.2,

z

1 _
IMTL 0| = Y = (T (b= 32) — (b
(4,5)€Q=
i<i

~3.))°

Jj>i

1
+Z 252 JZJ __Z +Zﬁ2

i€P] ]eP Ju

+) 5()] ~g.)]”

JEP.
Simplifying the terms,

IMTL o = Y
(1.)€Q=

(5Jdi)* + 3" — (b7 7]
JEP, 60]

52
)
Jj<i j>i

1
+y ZBQ [d57(b; - 32)] +ZBQ

i€P!, | jep, "I jeEP,

Jj<i

= 3 62 [bTJgZ +> 2612 (2T (b;
7t

JEP: i€P, | jEP:
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jep,

— 3]’

Jj>i

__z +ZBQ

JEP;
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