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Abstract. This paper introduces a I-dimensional net-
work of curves termed the Generalized Voronoi Graph (GVG)
and its extension, the Hierarchical Generalized Voronoi Graph
(HGVG), which can be used as a basis for a roadmap or
The GVG and HGVG provide a basis
for sensor based path planning in an unknown static environ-
In this paper, the GVG and HGVG are defined and
some of theiwr properties are exploited to show thewr utility for
motion planning. A companton paper describes how to use the
GVG and HGVG@ for the purposes of sensor based planning.

retract-like structure.

ment.

1 Introduction

Sensor Based Planning incorporates sensor information, re-
flecting the current state of the environment, into a robot’s
planning process, as opposed to Classical Planning, which as-
sumes full knowledge of the world’s geometry prior to plan-
ning. This paper and its companion [7] introduce a sensor
based motion planning scheme that is useful for two closely
related motion planning problems: (1) to determine the path
which connects two points in a robot’s free space, or deter-
mine such a path does not exist; and (2) to build a concise
“map” which encodes the important topological information
about the robot’s free space. The method, which is based
on “retract-like” structures termed the Generalized Voronoi
Graph (GVG), and its extension, the Hierarchical General-
ized Voronoi Graph (HGVG), requires only local sensor in-
formation to construct the motion plan. That is, no a priori
knowledge of the robot’s environment is assumed. This paper
considers only point or spherical robots. However, we believe
that these techniques can be extended to more general cases.

The primary goal of this first paper is to introduce the
GVG and HGVG and their properties. While our intention
is to use the GVG and HGVG as a basis for sensor based
planning, they can also be used for classical motion planning
when full knowledge of the world’s geometry is available. The
companion paper describes an incremental technique for con-
structing the GVG from local sensor data. Further, the com-
panion paper provides experimental results which validate the
method.

2 Relation to Prior Work

Sensor based planning has received increased attention, as
it is a requirement for realistic deployment of autonomons
robots in unstructured environments. For a review of many
sensor-based planning techniques, see [16]. Unfortunately,
current sensor based planning methods are limited because:
(1) many are based on heuristic algorithms, and it is therefore
impossible to prove if they will work in all possible environ-
ments; or (2) proof of convergence is limited to the case of
2-dimensional environments (for example, Lumelsky’s “bug”
algorithm [10]). The goal of this work is to develop provably
correct motion planning schemes for workspace dimensions
greater than two, and which can be robustly implemented
with realistic sensors.

Our approach is to adapt the structure of a rigorous motion

planning scheme to a sensor based implementation. There are
three classes of complete motion planning schemes: cellular
decomposition methods, potential field approaches, and re-
tract or roadmap methods [9]. Roadmaps or retract-like struc-
tures capture the global topological properties of the robot’s
free space and have the following important properties: acces-
stbility, departability and connectivity. These properties imply
that the planner can construct a path between any two points
in a connected component of the robot’s free space by first
finding a path onto the roadmap (accessibility), traversing the
roadmap to the vicinity of the goal (connectivity), and then
constructing a path from the roadmap to the goal (departa-
bility).

The Generalized Voronoi Diagram (GVD) (i.e., a Voronoi
Diagram for the case in which the sites are sets, and not
points) was first used for motion planning in [14].
research in applying Voronoi Diagrams to motion planning
began with [11], which considered motion planning for a disk
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in the plane. However, the method in [11] requires full knowl-
edge of the world’s geometry prior to the planning event; and
its retract methodology may not extend to non-planar prob-
lems. In [12], an incremental approach to create a Voronoi
Diagram-like structure, which is limited to the case of a plane,
was introduced. In the companion paper, we investigate an
incremental algorithm to construct the GVG and HGVG us-
ing only local sensor data. Further, our method can be used
for non-planar problems.

To our knowledge, the first complete sensor based adap-
tion of a roadmap motion planning scheme for workspace di-
mension greater than two, was introduced by Rimon [13]; it
was Rimon’s method which has motivated our work. Rimon’s
approach is a seusor based extension of Canny and Lin’s Op-
portunistic Path Planner (OPP) [4]. From a practical point of
view, there are two detractions to Rimon’s method. First, to
construct the roadmap, the robot must contain “interesting
critical point” and “minimum passage” sensors, whose imple-
mentation is not well described. Second, a robust and detailed
procedure for constructing the roadmap fragments from sen-
sor data is not presented. We choose instead to base our
sensor based planning scheme on a different structure, which
we term the Generalized Voronoi Graph (GVG) and the Hier-
archical Generalized Voronoi Graph (HGVG). We have found
these structures to be easier to construct using realistic sen-
sors. Second, we are able to give a rigorous procedure for
robustly constructing the graph components from sensor data.

The GVG introduced in this paper appears to be new,
though a GVG-like structure for SE(3) is described in [3]. In
prior work (e.g., [2]) the Voronoi Graph has only been defined
for point sites, whereas this work extends the Voronoi Graph
concept to the case of set sites. In dimensions greater than
2, the GVG is not connected. The other contribution of this
paper is a scheme for connecting the GVG in these cases. An-
other important contribution of this work is the definition of
the GVD and GVG in terms of distance functions. By using



this alternative definition, methods from differential topology
and nonsmooth analysis can be applied to the analysis of the
GVD and the GVG. Furthermore, it can be shown that sen-
sors readily provide distance information, thus making our

definition of the GVD, GVG and HGVG amenable to sensor

based implementation.

3 Distance Functions

A function which encodes the distance between the robot
and nearby obstacles is key to our definitions. This section
defines a distance function, and its gradient.A more complete
discussion of these functions and their properties can be found
in [5]. We assume a point robot operating in a subset, W, of an
m-dimensional Euclidean space. W is populated by obstacles
Ci,---,C, which are convex sets. Non-convex obstacles are
modeled as the union of convex shapes. It is assumed that
the boundary of W is a collection of convex sets, which are
members of the obstacle set {C;}.

DEFINITION 3.1 Single Object Distance Function. The dis-
tance between a point,  and a convex set C; is
di(z) = min ||z — o], (1)
co€C;

where || - || is the 2-norm in R™. In [8] it is shown that the
gradient of d;(z) is

Tr — Co

Vdi(z) = (2)
Thus, Vd;(z) is a unit vector in the direction from ¢y to =z,
where ¢ is the nearest point to z in C;. For convex sets, the
closest point is always unique. An important characteris-
tic of d;(z) and Vd;(z) is that they can be computed
from sensor data.

4 The Generalized Voronoi Graph

This section defines the Generalized Voronoi Diagram and
the Generalized Voronoi Graph via the above distance func-
tions. The basic building block of the GVD and GVG is the
set of points equidistant to two sets C; and C;, which we term
the Two-Equidistant Surface, 8;;.

Sij ={=z € R™ : di(z) — d;(x) = 0} (3)
Of particular interest is the subset of 8;; termed the Two-
Equidistant Surjective Surface, 88;;:

88i; = {z € 8ij : Vd;(z) # Vd,;(z)}. (4)
These are the set of points equidistant to two objects such
that Vd; # Vd;, i.e., the function (d; — d;)(z) is surjective.
This definition is necessary to deal with non-convex sets that
are defined as the finite union of convex sets. If W is solely
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populated with disjoint convex sets, then 88;; = 8;;, Vi, 7.

The Two-Equidistant Face, J;;, is the set of points equidis-
tant to obstacles C; and Cj, such that each point = € 88;; is
closer to C; and C; than any other obstacle.

Fij =4z € 88i; 1 di(z) < di(z) VEk#1i.j} (5)
A Two-Equidistant Face is also termed a Generalized Voronot
Face in keeping with the conventions of the Voronoi Diagram
literature. The relationship between Eqs.3, 4, and 5 is shown
in Fig. 1. The Two-Voronoi Set, F2, is the union of all Two-
Equidistant Faces.
n—1 n

F? = U U Jij (6)

i=1 j=i+1
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Fig. 1. Solid lines = F;, Dashed lines 88;;, Dotted line, 8,

Since F? is the set of points equidistant to two or more ob-
stacles, it can be shown that F? is the Generalized Voronoi
Diagram.

To define the GVG, we continue to define lower dimensional
subsets of W. The Three-Equidistant Face, F; i, is the set of
points equidistant to C;, C; and Cj such that each point is
closer to C;, C;, and Cj than any other object. Similarly, the
Three-Voronot Set is the union of all the Three-Equidistant
Faces.

Fie =F5;NFaNFie=Fi; N Fix 7
n—2 n—1 n
F = Ui:l =il Ur=j+1 Fijn

Note, 88;;; and 8;j; can be defined in a similar manner such
that F;;p C 88ijx C 8ijx. Continuing in this vein, after
taking k — 2 intersections, one can define a k-Equidistant
Face, JFii,...;, which is the set of points equidistant to ob-
jects Ci,,C,, ... Ci,, such that each point is closer to objects
Ci,,Cs,,...C;, than any other object. The k-Voronoi Set is
simply the union of k-Equidistant Faces.

Fivinip = Tiriy ﬂfﬂm "'ﬂfﬂlik

= g"im'g.“ik,l ﬂf’riﬂk (8)
n—k+1 n—k+42 n
Fr U U U Fitin..ip
i1=1 dy=i1+1 ip=ig_1+1

Again, 88;,4,...i, and 8;,i,...i, can be defined in a similar man-
ner where Fi,i,..i; C 88iiy...ip, C 8ijiy...i. Furthermore, it
can be shown that &, iy, CO0F iy -

In m dimensions, the Generalized Voronoi Edge and Gener-
alized Voronoi Vertex are respectively an m-Equidistant Face,
Fiy..i,, and (m + 1)-Equidistant Face, Sd,il,,,imﬂ. It will be
shown that the Generalized Voronoi Edge is 1-dimensional,
while the Generalized Voronoi Vertex is a point where Gener-
alized Voronoi Edges meet. Generalized Voronoi Vertices are
sometimes called meet points because that is where General-
ized Voronoi Edges “meet.” Using these definitions, we can
define the Generalized Voronoi Graph.

DEFINITION 4.1 The Generalized Voronoi Graph (GVG) is
defined to be the collection of all of the Generalized Voronoi
Edges. and Generalized Voronoi Vertices of a bounded space.

GVG = (F",F") (9)

The GVG’s edges are the set of points equidistant to m ob-
jects, such that each point is closer to m objects than any
other object. An important characteristic of the GVG
is that it is defined in terms of the distance functions,
which can be readily computed from sensor data. For
subsequent analysis, it is useful to define the following.
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DEFINITION 4.2 The Generalized Voronoi Region, J;, is the
set of points closer to one particular object than any other
object.

Ji={o €R": di(w) < dy(a) Vj#i}

It can be shown that the JF; is generalized star shaped, i.e.,
VY& € F;, there is a closest point ¢; € C; to x such that the line
Tc; is fully contained in F;. That is, there is a straight line in
free space between any point in F; and some point on C;.

5 Basic Properties of the GVG

To determine the generic dimension of the edges, we will
use the Pre-image Theorem below to show that the inter-
section of a k-Equidistant Face and a 2-Equidistant Face is
(k — 1)-dimensional.

(10)

In order to properly invoke the Pre-
image Theorem, we must make the following transversality
assumption.

AsSUMPTION 5.1 (The Equidistant Surface Transversality
Assumption): We assume that equidistant surfaces intersect
transversally.  That is, 8. i, j, h Siy...ipjs with respect to
Siy...ir if and only if j1 # ja.

In the case that m = 2 and the obstacles are points,
this assumption is equivalent to the “no four points are co-
circular” assumption which is often made in the Voronoi Di-
agram literature. Assumption 5.1 is the generalization of
this statement, and shows more rigorously why such assuimp-
tions arise. This transversality assumption can also be inter-
preted as an assumption on the stability of the equidistant
surface intersection geometry. In the left diagram of Fig. 2,
Sijk = 8k = Sir1 = Siji because there exists a circle which
is tangent to the 4 obstacles (a non-generic case). After a
slight perturbation of the obstacles, the Equidistant Surfaces
no longer coincide (Fig 2). Since 8;; and §;;; are points in
this example, they intersect transversally only if they do not
intersect at all. The following is a corollary to Assumption
5.1, and its proof is omitted.

COROLLARY 5.2 (The Equidistant Surface Uniqueness Re-
s“lt)" Sil---'ikjl 7£ S'il---ika iﬁjl #]2

To show that the edges are 1-dimensional, we invoke the
Pre-image Theorem [1] m — 1 times on the difference of two

distance functions. We first introduce the following two lem-
mas.

LEMMA 5.3 i‘rg, Ji;, and 88;; have co-dimension 1 in R™.

Proof: First, note that the function (d; — d;)(x) is smooth
[8] by the obstacle convexity assumption. Recall that the 2-
Equidistant Surjective Surface, 88;;, is a subset of §;; such
that Vd;(z) # Vd;(z) Vz € 88;;. This implies that V(d; —
d;)(z) is surjective; thus 0 is a regular value of (d; — d;) on
88i;j. By the Pre-image Theorem, since 0 is a regular value

of the smooth function (d; — d;)(z), 88;; is a manifold having
co-dimension 1 in R™. Since J;; is a subset of 8§;; of the
same dimension, it too is a co-dimension one set. F2 is a co-
dimension 1 set (not necessarily a manifold) because it is the
finite union of co-dimension 1 sets. \/

LEMMA 5.4 f‘FS, Ji;x and 88451 each have co-dimension 2 in
R™.

Proof: 88;;i can also be defined as 88,5 = {z € 88;; : di(z) —
di(z) = 0}. By Corollary 5.2, 88;; # 8Six <= 1 # k.
Therefore, 0 is a regular value of (d; — di)(z) on 88;;. By
the Pre-image Theorem, 88;;i is co-dimension 1 in 88;;, and
thus co-dimension 2 in R™. Fjji is a subset of 88;;; and thus
is co-dimension 2 in R™. Since F° is the finite union of co-
dimension 2 manifolds, it has co-dimension 2 in R™. v

By induction, one can show that the set of points equidistant
to k obstacles has co-dimension 1 in the set of points equidis-
tant to k — 1 objects, and therefore this set has co-dimension
k—11in R™. Hence, 88 is 1-dimensional in R™ and since
F" C 88", the GVG edges are 1-dimensional. By a simi-
lar argument, the vertices, F™ !, are zero-dimensional. This
proves the following proposition.

ProPOSITION 5.5 The Generalized Voronoi Edges of the
GVG, F™, are 1-dimensional in R™, and the Generalized
Voronoi Vertices of the GVG, F™ 1!, are points.

Another key feature of the GVG is that it provides a
concise representation of the robot’s free space.

6 Accessibility /Departability

Accessibility is the property that a path can be constructed
from any point in the free space to the Generalized Voronoi
Graph. In this section, we give a very simple argument that
a path exists from any point in the free space to a GVG edge.

PrOPOSITION 6.1 The GVG has the property of accessibility.
Proof: Let x;, be a point on a k-Equidistant Face, J;, . ;, , and
Zr+1 be a point on the (k+1)-Equidistant Face, F;,, .
which is on the boundary of J;, . ;.
world, for 2 < k < m, there always exists a a collision-free
paths constrained to a k-Equidistant Face between z; and
Zr4+1 because for k > 2, k-Equidistant Faces are a subset of
the free space. Therefore, by re-invoking the above statement,

k410
In an m-dimensional

there exists a collision-free path from any k-Equidistant Face
to the GVG.

It can be shown [6], [11] that there always exists a collision-
free path from any point in the free space to a 2-Equidistant
Face. Therefore, from any arbitrary point in the free space,
there exists a collision-free path to the GVG. |

Departability can be shown to be accessibility, but in re-
However, in the companion paper, we introduce an
algorithin for the departing process.

7 Connectivity of the GVG

The Generalized Voronoi Regions and Equidistant Faces

verse.

may be viewed as a cellular decomposition of W into k-
dimensional sets, where k = 0,...,m.
cell is homeomorphic to a k-dimensional disk, then the 1-

If each k-dimensional

dimensional cells of such a decomposition form a deformation
retract or retract-like structure of W [15]. Equivalently, if the
boundary of each k-dimensional closed cell is connected, then
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the resulting one dimensional cells form a retract-like struc-
ture of W [6]. One of the appealing properties of a retract-like
structure is its connectivity.

For m = 2 (i.e., planar environments), the GVD and the
GVG are the same. It is well known in this case that the
planar GVD is connected. However, m > 2, the GVG is not
necessarily connected. The GVG-like structure for SE(3) is
described in [3] also suffers from the problem of connectivity
not being guaranteed. Fig. 3 shows an example where W is
a box, with one box-like obstacle in the interior. For some
dimensions of the box obstacle and enclosure, the GVG will
be disconnected while for other sizes of the box and enclosure,
the GVG will be connected.

In the next section we introduce the notion of Higher Or-
der Generalized Voronoi Graphs. These will be used to link
disconnected components of the GVG by subdividing higher
dimensional Equidistant Faces (k-dimensional cells) via a tes-
sellation into closed regions whose boundaries are connected
(or readily link up). For example, when W C R?, the problem
reduces to linking up disconnected boundaries (i.e., the Gener-
alized Voronoi Edges) of a 2-Equidistant Face via a tessellation
into closed two dimensional regions whose boundaries are con-
nected. This method reduces a higher dimensional problem
into a 2-dimensional problem, which is more tractable.

8 The Second Order GVG

This section defines the Second Order Generalized Voronot
Graph, GVG? which is defined on a 2-Equidistant Face, F;;.
The Second Order Generalized Voronoi Graph is the set of
points on a 2-Equidistant Face that are “second closest” to
nearby obstacles. The basic building block of the Second Or-
der GVG is the Second Order 2-Equidistant Face

g“'sm ={z €Ty (d —di)(x) =0 and
Vh, dp(z) > di(z) = di(z) > di(z) = d; (=)} (11)

It is the set of points where Cy and C; are the second closest
equidistant objects and C; and C; are the closest equidistant
objects.

One additional structure needs to be defined. Let the set
of points on the boundary of a k-Equidistant Face which are
equidistant to k obstacles be termed the k-Boundary Edge,
defined by C;,.. ;. This occurs either when diy(z) = - =
d;, (z) = 0 or when Vd,(z) = Vd,(z) for p,q € {i1,...,ir}.
Most k-Equidistant Faces do not have k-Boundary Edges;
when all of the obstacles are disjoint and convex, there are
no k-Boundary Edges.

The Second Order 2-Voronoi Set, which is also the Second
Order GVD is

7|, =UU%l,, (Ue) (12)
1

k

Ffloor/oe« ling

Fig. 4. Second Order GVG

Analogous to the GVG, we continue our construction with
lower dimensional subsets of F;;. The Second Order Three-
Equidistant Face, Ty g is the set of points where Cy, C;
and C, are second closest equidistant objects and C; and C;
Furthermore, the Sec-

ond Order 3-Voronoi Set is the union of all the 3-Equidistant
Faces.

are the closest equidistant objects.

§k11)|,¥‘_ :gkl’,¥‘ ﬂ§117 F _ﬂgkl7
5 Jij Jij
F |1T,-j = Uk Ul Up ?klp‘frij

The Second Order k-Equidistant Face is simply the intersec-

Fis (13)

tion of the appropriate k& — 3 Second Order 2-Equidistant
Faces. In m-dimensions, the Second Order Generalized
Voronot Edge is some Second Order m — 1-Equidistant Face.
Note, it is defined by m — 3 intersections whereas the (First
Order) Generalized Voronoi Edge is defined by m — 2 inter-
sections. It can be easily shown by the Pre-image Theorem
that the edges of the GVG? are 1-dimensional. Finally, the
Second Order Generalized Voronoi Vertex is a Second Order
m-Equidistant Face, and it is zero-dimensional.

DEFINITION 8.1 (SECOND ORDER GVG) (Constrained to a
2-Equidistant Face)
GV@E*

m

— (3/'117

1
|5rij ’fr,-j’ :T,-j)
is the set of points equidistant to the second closest m — 1
objects such that C; and C; are the closest equidistant objects.

Note that a Second Order GVG may not exist on every J;;.

The definition of Higher Order GVG’s follows accordingly, and
thus we get the following definition:

DEFINITION 8.2 (HIERARCHICAL GEN. VORONOI GRAPH)
The Hierarchical Generalized Voronot Graph (HGVG) is the
union of the Generalized Voronoi Graph and all higher order
Generalized Voronoi Graphs.

HGVG = GVG 2! GVG!

For subsequent analysis, it will be useful to define the Sec-
ond Order Generalized Voronot Region, Fy 5o which is the

3

set of points constrained to a 2-Equidistant face, F;;, whose
second closest object is Cj.

3.;;|,J;“ ={z €Ty st. Yh#ij4.k
Fij
di(z) = dj(@) < di(z) < da(z)}  (14)
The GVG? ‘gv_ divides up F;; into Second Order General-
ij

ized Voronoi Regions. See Fig. 4 for an example of a GVG?
and how F¢1,0,/cciting 15 divided up into Second Order Gen-
eralized Voronoi Regions.

When the obstacles satisfy a certain condition (defined in
Section 10), the Ui GVG! will link the disconnected compo-
nents of the GVG. This condition is a constraint which guar-
antees that no GVG cycles (GVG edges diffeomorphic to the

FﬂOO[/OS ling



unit circle) may exist. In Figure 4, the GVG? does not link
up the GVG because of the existence of GVG cycles. The
following section carefully analyzes cycles, and the section af-
ter that states the conditions under which cycles do not exist.
It will be shown that when cycles do not exist, all of the
k-Equidistant Faces are divided up into regions whose bound-
aries are all connected. In this case, the HGVG connects all
disconnected GVG fragments.

9 Cycles

To simplify the discussion, we focus only on the case of
m = 3, where HGVG = GVG | GVG2. However, analogous
methods exist for m > 3 [6]. In this section, we carefully
analyze cycles, so that in the next section, we can state the
condition under which they do not exist. First we define cy-
cles and show that they lead to GVG fragments which are

disconnected from both other GVG edges and GVG? edges.

DEFINITION 9.1 (GVG CYCLE) is a Generalized Voronoi
Edge which is diffeomorphic to $*, the unit circle.

Henceforth, the term “cycle” refers to a GVG cycle.

PROPOSITION 9.2 A GVG edge is a cycle if and only if it is
disconnected from the GVG and the GVG?2,

Proof: This proof is a simple consequence of the following
Lemma whose proof appears in the Appendix.

LEMMA 9.3 A Second Order Generalized Voronoi Edge can
only intersect the GVG at a meet point.

GVG cycles do not contain meet points, and thus GVG edges
and GVG® edges can not intersect them. That is, they are
disconnected. In a bounded space, the only disconnected GVG
edges are cycles. |

ProrosITION 9.4 A GVG edge is a disconnected component
of a boundary of a Second Order Generalized Voronoi Region
if and only if it is a cycle.

Proof: The proof of this now employs the following three lem-
mas whose proofs appear in the Appendix.

LEMMA 9.5 If a GVG edge, Tk, exists then that implies
the existence of a Second Order Generalized Voronoi Region,
Fr 5 on the Two-Equidistant Face, J;;, and J;;x is a subset

Fij

of the boundary of 9~k|,}.“-
Fij

LEMMA 9.6 (UNIQUENESS) There can be at most one GVG
edge, Fijk, on the boundary of a Second Order Generalized
Voronoi Region, Fj ’ 5o

F i

LEMMA 9.7 On a 2-Equidistant face which has more than one
GVG edge on its boundary, there will always be a GVG? on
that 2-Equidistant Face.

By Lemma 9.5, the cycle JF;jr must be a subset of the
boundary of a Second Order Generalized Voronoi Region,
Eq%f
9.7) and perhaps Boundary Voronoi Edges (by definition) are
the other structures which may exist on the boundary of a Sec-

Second Order Generalized Voronoi Edges (Lemma

ond Order Generalized Voronoi Region. Since by Proposition
9.2, neither of these can intersect the GVG cycle, I ;1 must lie
on a disconnected portion of the boundary of a Second Order
Generalized Voronoi Region.

And now for the converse, if F;;i is a disconnected bound-
ary component of a Second Order Generalized Voronoi Region,

T g it is a GVG cycle.
T

does not intersect a GVG edge, nor GVG? edge. By Proposi-
tion 9.2, ;i is a cycle. |
Second Order Cycles. Just as there is a cycle in the Gener-
alized Voronoi Graph, there are also cycles in the Second Or-
der Generalized Voronoi Graph. In order to define the GVG?
cycle, we need to recall the definition of the Second Order
Generalized Voronoi Region, which is based on the definition
of the Generalized Voronoi Region.

Again, if J5; is disconnected, it

DEFINITION 9.8 (GVG? CYCLE) is a cycle comprised of
GVG?
which solely forms a connected component of the boundary of
a Second Order Generalized Voronoi Region.

A GVG? cycle is written as U, 31"1’?_ or |J, H’M‘T” Ueij
Jij Jij

where ¢;; C C;; is a fragment of the Boundary Edge, C;;.
The following proposition shows there is a duality between
the existence of GVG and GVG?
them to exist, then the other must exist. If no GVG cycles
exist, then there can not be any GVG? cycles, and visa versa.

edges, and perhaps a fragment of a Boundary Edge,

cycles. In order for one of

PropPoOSITION 9.9 Let J;;, JFix and T, be three Two-
Equidistant Faces whose intersection forms F;;i. If the GVG
of the
Equidistant Faces, F;;, Fir, and Fjp there exists a second
order cycle. The converse is also true — if there exists a Sec-
ond Order Cycle, and there is a Generalized Voronoi Edge
associated with it, then the Generalized Voronoi Edge is a

cycle.

edge, Fijr is a cycle, then on at least one Two-

Proof: The existence of J;;; implies the existence of J;;, Ty,
and J;r. By Proposition 9.2, if J;;1 is a cycle, then it is a
disconnected boundary component on each: J;;, F;r and T .
Even though it is possible that F;;; may be the only bound-
ary component of a Two-Equidistant Face, by boundedness
Fijr can not be the sole boundary component on all three
Two-Equidistant Faces.
Equidistant Faces, say J5;, has another boundary component

— implying that, 0F;; = Up Fij, UFije (U Cftj)-
By Lemma 9.5, the existence of J;;; implies gk"r - ex-
Fij
’5‘“' By

Lemma 9.6, J;;+ and any other Generalized Voronoi Edge,
can not exist on any other boundary component of 5k|

Therefore, at least one of the Two

ists on J;; such that J;;; is on the boundary of I}

Fij

By Boundedness and Lemma 9.7, J%| ;. . must have another

boundary component fully comprised of Second Order Gener-
alized Voronoi Edges, and perhaps Boundary Edge Fragments.
Such a boundary component is a Second Order Cycle, by def-
inition.

The second order cycle consists of GVG? edges (and per-
haps Boundary Edges) which form a boundary component of
a Second Order Generalized Voronoi Region, 3]‘ . By hy-
pothesis, there exists a GVG edge, J;;r and thus hy Lemma
9.5, it is on the boundary of iTk . By Lemma 9.6, J;;; is

the only GVG edge inside of the Second Order Generalized

Voronoi Region. Therefore by Lemma 9.3, no GVG or Sec-

ond Order GVG Edges can emanate from J;;i. Since J;;i is

disconnected, by Proposition 9.4, F;;i is a cycle because it is

a disconnected boundary component of ?k|’r |
Vij



10 Extended Boundedness Assumption

With the above definitions and relationships in place, we
are now able to state the assumption which will guarantee
connectivity of the GVG | J GVG?. This assumption will be
used to eliminate environments in which cycles in the GVG
arise.

AssUMPTION 10.1 (EXTENDED BOUNDEDNESS) For
combination of k equidistant obstacles (2 < k < m), there

every

exists a point which is equidistant to a k 4 1°¢ obstacle.

In R® this means that all Two-Equidistant Faces contain
at least one Generalized Voronoi Edge. Furthermore, all Gen-
eralized Voronoi Edges have at least one meet point. That is,
Vi, 7,k, 3z € Fijx, 1, such that di(z) = di(z). By the Equidis-
tant Surface Transversality Assumption (Ass. 5.1), this point
is isolated.

By definition, this assumption is stronger in higher di-
mensional workspaces because it requires higher dimensional
workspaces to be more “cluttered” than those of lower dimen-
sions. Robots whose configuration spaces are higher tend to
be highly articulated and are thus better suited for cluttered
environments.

We will now show that the Extended Boundedness As-
sumption leads to a cycle-free environment. First, we will
show that under the Extended Boundedness Assumption, all
Second Order Generalized Voronoi Regions must have a Gen-
eralized Voronoi Edge on its boundary. This is necessary
in showing that environments which satisfy the Extended
Boundedness Assumption, do not have GVG nor GVG? cy-
cles.

LEMMA 10.2 Given the Extended Boundedness Assumption
all Second Order Generalized Voronoi Regions must contain
a Generalized Voronoi Edge.

Proof: Recall the definition of the Second Order Generalized

Voronoi Region, '::r'"k’,F .
Fij

={xe€TF,:Vh & {i.j,k}dn(z) > di(z) = di(n)}

The Extended Boundedness Assumption (Ass. 10.1), there
exists some h' & {i,7} and some z where such that d;(z) =
d;(z) = dpi(z). If ' = k, then F;;;, exists, and by Lemma
9.5 and Lemma 9.6, it is the only Generalized Voronoi Edge
in @3k‘gij.

If A" # k, then that implies, J;;,+ exists, that is, d;(z) =
d;j(z) = dp/(z). However, since the Second Order Generalized
Voronoi Region §k|5ti_ exists (di(y) < dp(y)Vy € 5"1(‘31_),
by continuity of the siljlgle object distance function, F; mlist
also exist in Sjk’rr,_ (Lemma 9.5). This however is a contra-

Jij

diction of Lemma 9.6, where only one GVG edge may exist

in ?k”r . Therefore ' # k, and T, is always a subset of
e iJ -

Fr v

Fij

LEMMA 10.3 Given Assumptions 5.1 and 10.1, there can not
be any GVG, or GVG? cycles.

Proof: Let JF;;1 be a Generalized Voronoi Edge. We will show
By the Extended Boundedness As-
sumption and Equidistant Surface Transversality Assumption,
dz € Fijk, such that d;(z) = di(z) which is isolated. That is
Fijmi = iTiﬂﬂfT,'Jk. # (). The Equidistant Surface Transver-

sality Assumption 5.1 guarantees that F;;; and F;j intersect

it can not be a cycle.

transversely. This rules out the possibility that J;; is tangent
to J;;k, while J;;1 is diffeomorphic to S, Therefore, a GVG
cycle can not exist.

By Proposition 9.9, if there exists: (1) a second order cy-

cle, which is a component of the boundary of 35"'? and
F i

(2) a Generalized Voronoi Edge which is a subset of "J'"k’,ru
(whose existence is guaranteed by the Extended Boundednes;
Assumption), then there exists a first order cycle.

The contrapositive of this statement is also true. If a GVG
cycle does not exist, that implies a GVG? cycle can not exist or
the Extended Boundedness Assumption is not in effect. The
Extended Boundedness Assumption implies a GVG cycle can
not exist which, in turn, implies a GVG? cycle can not exist
or the Extended Boundedness Assumption is not in effect.
However, since the Extended Boundedness Assumption is in

effect, there can not be any GVG? cycles. A\

11 Connectivity, Continued

And now we are ready to show that under the Extended
Boundedness Assumption, the HGVG is connected. In [6],
we show that if the union of the Second Order Generalized
Voronoi Regions on a 2-Equidistant Face is the 2-Equidistant
Face (trivial), and the boundaries of each of the Second Or-
der Generalized Voronoi Regions are connected, then the Sec-
ond Order Generalized Voronoi Graph connects disconnected
GVG edge fragments on a Two-Equidistant Face. The follow-
ing proposition shows that given the Extended Boundedness
Assumption, the boundaries of each of the Second Order Gen-
eralized Voronoi Regions are connected.

PrOPOSITION 11.1 Given the Extended Boundedness As-
sumption, the Equidistant Surface Transversality Assump-
tion, and the Boundedness Assumption, the boundary of a
Second Order Generalized Voronoi Region is connected.

Proof: The boundary of F 5 is comprised of Second Or-

T
der Generalized Voronoi Edges, one Generalized Voronoi Edge
(Lemma 10.2) and perhaps one or more Boundary Edge Frag-

ments from the same Boundary Edge.

83.k|:?,.j = U gk{|:¥ij U Tk (U Cij)
leL
where L is the set of indices, cataloging the Second Order
Generalized Voronoi Edges which are in the boundary of the
Generalized Voronoi Region, 31"’% . Note, there can be mul-
tiple Boundary Edge Fragments, btit they must all come from
the same Boundary Voronoi Edge.

Since 37k| is a closed and connected set (actually if it
Tij
is not connected, consider each connected component), the

boundary of H’L‘ can be written as the union of connected

Fij
comp onents.

8?’“’5;., = U 8i?k|:rij

where 0,5, . is the i*" connected boundary component.

By Lemniaj; 9.5 and 10.2, 3% can only be the subset of one

of the boundary components. Let 813“k|¢ ~be the connected
Fi;

component that contains F;ji, that is, Fijp C ?k|r Fur-
Fiz
thermore, by the Extended Boundedness Assumption (Ass.



10.1) and Proposition 9.4, F;ji # I T _ Therefore,
T
@197;;‘,?” contains a GVG edge, GVG? edge(s) and perhaps

J
Boundary Edge fragments.

813’k|,jl_j =Fijk U 31\'11‘5;”_ (UCU)

i€l
where L; C L and Ul L;,=1L.
For i > 1, 89|, = U, ;. Tu
J €L

F; i

5 (U c“‘). However,
for 1 > 2, the existence of @iﬁfk’q” violates the Extended

J
Boundedness Assuimnption by Lemma 10.3. Therefore, the Ex-

tended Boundedness Assumption implies that 0, 9~k|'ru is the
Fiz

only connected boundary component of 3‘;0‘{;' - |
The union of the 2-Equidistant Faces is tJhe Generalized
Voronoi Diagram, and thus, this union is connected. Since all
of the GVG Edges are connected (through GVG? edges) on
each 2-Equidistant Face and all of the 2-Equidistant Faces are
connected (through GVG edges), the HGVG is connected.

12 Conclusion

This paper introduced a retract-like structure called the Hi-
erarchical Generalized Voronoi Graph. Although this struc-
ture was specifically developed for sensor based implemen-
tation, it can be used for classical motion planning as well.
However, since it is defined in terms of the distance function,
the HGVG readily lends itself to sensor based implementa-
tion [7]. Because of its graph-like structure, motion planning
can be reduced to a 1-dimensional graph search. Simulations
validating this approach for the case of 2-dimensions can be
found in [5], but simulations of the 3-dimensional case are
under way.

For the 3-dimensional case, it was shown that under a cer-
tain set of conditions the HGVG is connected. Proof of the
higher dimensional case can be found in [6]. In the case where
the Extend Boundedness Condition is not met, a linking pro-
cedure is required. That is the current area of research and
will soon be included in [6].
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Appendix
A.1 Proof of Lemma 9.3

Proof: Around the interior of Generalized Voronoi Edge, F7;,
di(z) = dj(z) = di(z) < dn(z) for all h and 2z € F7;;. Let
Y = ;[\ nhbd(z). By continuity of the distance function,
Vy €Y, di(y) = d;j(y) < dr(z) < di(z). Therefore, there can
not exists an ! # 1, j, k for which d;(y) = di(y) forany y € Y.
That is, there can to be a IT“| 5 which intersects the interior
of the GVG edge. Continuity l(J)f the distance function only
allows A GVG? edge can only intersect the GVG at a meet
point. v
A.2 Proof of Lemma 9.5
Proof: J;ji can be defined as: {z : YVhd(h) > dy(z) = d;(z) =
di(z)}. And 3k|i?ij is: fﬂ|9,ij = {z : Yh, di(z) > di(z) >
dj(z) = di(=)}

Pick z € int(F ;). Let Y = nbhd(z) (| Fi;. By continuity
of the distance function, for all y € Y, Yhdy(y) > di(y) >
dj(y) = di(y). Therefore, 5";(‘

. exists.
Fij

Fije =z :Yhdp(z) > di(z) = d;j(z) = di(z)}
C Mz :Yhd(h) > di(z) > d;(z) = di(z)}
= 0'}“’?.

Therefore, by definition, if J;;; exists, then it is a subset of
the boundary of i}rk|‘T . A\
Fij
A.3 Proof of Lemma 9.6
Proof: Assume that J;;; and J;; are on the boundary of
Fr|, . By definition, Vo € Fi|,. , di(z) > di(z) > di(z) =
i g
5o d(@) < difx).
Fij
Of course, this is the same thing as saying, Vo € F;;)\Fijrx C
S'quu.dk(w) < di(z). However, this is a contradiction be-
T
cause: Vo € Fij\Fijr, di(z) < di(x). v
A.4 Proof of Lemma 9.7

Proof: For the sake of discussion, assume F;; has two 3-
Equidistant Faces on its boundary: J;;; and J;;. By defini-

tion, the existence of J;;; and J;; implies I, - and 5r1|
Fij

dj(z). By assumption, Vz € F;j; C 5";(|

Fi;'
respectively exist. It can be shown that union of the Seconjd
Order Generalized Voronoi Regions on a 2-Equidistant Face is
the 2-Equidistant Face, and Generalized Voronoi Regions only
intersect at their boundaries. Therefore, gk‘"ﬂ- ﬂﬂ’,’%_ =
{z € Fi; : Yhdi(z) > di(z) = di(z) > di(z) = d;(a:) which is
the definition of a GVG? edge, 35“"; . v
)



