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VORONOI DIAGRAMS ON LINE NETWORKS AND THEIR
APPLICATIONS

ZEHAN HU! AND ZEYU WANGH#

Abstract. The optimal mass transportation problem, proposed by Monge, is dominated by the
Monge-Ampere equation. In general, as the Monge-Ampeére equation is highly non-linear, this type
of partial differential equations is beyond the solving ability of a conventional finite element method.
This difficulty led Gu et al. alternatively to the discrete optimal mass transportation problem. They
developed variational principles for this problem and reported the calculation for the optimal mapping,
based on theorem that among all possible cell decompositions, with constrained measures, the trans-
portation cost of the discrete mapping from cells to the corresponding discrete points is minimized
by the decomposition induced by a power Voronoi diagram. Their research inspired us to consider a
similar discrete optimal mass transportation problem. Here we replace the L2 Euclidean distance by
the length of the shortest path connecting two points on a line network. To solve the optimal trans-
portation problem on a line network, we study a type of Voronoi diagram on undirected and connected
networks and propose an elegant construction algorithm. We further consider weighted distances in a
network and develop a method to compute the centroidal Voronoi tessellation (CVT) for a network.
By using real geographic data, the method proposed is proved efficient and effective in several practical
applications, including charging station distribution in a traffic network, and trash can distribution in

a park.
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1. Introduction
In 1781, the French mathematician, Monge, proposed the optimal mass transmission
problem (a.k.a. Monge’s problem). Let X and Y be two measure spaces with probability

measures p and v respectively, and assume X and Y have equal total measure:

[ nt@da= [ v

A map T: X —Y is measure preserving if for any measurable set BCY', the following

condition holds:

A_l(B)u(w)de/}BV(y)dy-
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Let ¢(x,y) be the transportation cost for transporting € X to y €Y. Then the total

transportation cost of T is given by:

E(T):/Xc(x,T(x))u(m)dx.

The optimal mass transmission problem is to find a measure-preserving mapping such

that the total transportation cost defined by the above formula is minimized.

In the 1940’s, Kantorovich [1] relaxed Monge’s problem and solved it using linear
programming. At the end of the 1980’s, Brenier [2] investigated the optimal transmission
problem in the Euclidean space, and proved that there is a unique optimal transportation
map T: (X,u) — (Y,v). Furthermore, there is a convex function f:X — R, unique up
to a constant, such that the optimal mass transportation map is given by the gradient
map T:x—Vf(z), if X is a convex domain and the transportation cost is the quadratic

Euclidean distance.
Assuming the measures p and v are smooth, and f has second order continuity,
then f satisfies the following Monge-Ampere equation if f is measure-preserving,

O*f -

det(axiawj T VoV

In general, as the Monge-Ampére equation is highly non-linear, this type of partial
differential equations are beyond the solving ability of conventional finite element meth-
ods. Alternatively, based on its geometric interpretation, we will try to solve it using a

vibrational approach, by convex optimization.

The optimal mass transportation theorem holds in the discrete setting as well. Gu
et al. [3] developed variational principles for the discrete case to compute the optimal
mapping. Suppose € is a convex planar domain with a probability measure u defined on
it. Given a discrete point set P={p1,p2,--+,pn}, each point p; € P is associated with a
positive number A;, such that -1 | A;= [, p(x)dz. A cell decomposition of  is given
by =J;_, D;, such that the probability of each cell D; equals A;. The discrete map
induced by the decomposition is denoted by f: D; — p;, then the transportation cost for
f is given by:

EH=3" /D Je—pi ()
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The power distance is defined as
Pow(z,p;) = |z —p;|> + hi,hi €R.
Then the power distance induces a power Voronoi diagram,

n
Q= U ‘/7,7‘/1 = {‘T € R2|P0w($7p’i) < PO’lU(.T,pIL),V‘]}
i=1
It’s known that among all possible cell decompositions with the probability constraint
Jp. m(x)dx = Aj;, the transportation cost of the mapping f:D; — p; is minimized by the

one induced by a power Voronoi diagram [4].

Fig. 1.1: A Voronoi diagram in the two-dimensional plane. Each red dot is the seed of
the Voronoi cell, and the blue lines show the boundaries of Voronoi cells.

The Voronoi diagram is an important geometric structure in mathematics, with
many important applications in physics, chemistry, biology, engineering and other field-
s [5]. In a Voronoi diagram, each point in the point set P is called a seed point, and
the corresponding area of the seed point is called a Voronoi cell. The distance from any
point in the cell to the associated seed point is less than the distance to any other seed
point (seeing Figure 1.1). In 1850, Dirichlet used two-dimensional and three-dimensional
Voronoi diagrams to study quadratic forms. In 1908, Georgy Voronoi defined and stud-
ied the general Voronoi diagram problem in n-dimensional space.

Moreover, the Voronoi diagram can be calculated for a set of discrete points on
a given region. If the seed points are further allowed to move, the Voronoi cells are
recalculated by choosing geometric centers of cells as the new seed points, and areas of
the Voronoi cells can be made as equal as possible by iterations. This is the centroidal
Voronoi tessellation (CVT) problem of the Voronoi diagram [6]. Wenping Wang of the

University of Hong Kong and other researchers considered fast algorithms for computing
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CVTs and their GPU-based acceleration [7, 8]. Wang et al. [9] investigated the CVT
problem over triangular meshes.

The CVT method for a Voronoi diagram can also solve practical problems, such
as electric vehicle charging stations’ distribution in which people expect the coverage
area of each charging station to be as equal as possible. However, the charging stations
can only be distributed at the roadside, and electric cars can only run on the roads,
so that the distribution problem cannot be solved by the traditional Voronoi diagram
method in the Euclidean distance. After all, when we consider traffic congestion and
speed limits, we do not necessarily expect the equal area of the geometric cell for each
seed point, but the equal total weighted length of the streets dominated by each seed
point. To optimize the distribution problem on road, we, therefore, propose a kind of
Voronoi problem based on the undirected connected line network.

The problem we consider here is similar to the discrete optimal transmission prob-
lem, but we replace the L2 Euclidean distance with the shortest path distance between
two points in the line network. In the following sections, based on an algorithm for
the shortest paths in the network (connected graph), we first define Voronoi diagrams
on undirected connected networks, and then present a method of calculating Voronoi
cells. Then we extend CVT algorithm for Voronoi diagrams in the Euclidean space to
the Voronoi diagram on the undirected connected line network. By iteration, thus we
make the weighted lengths corresponding to seed points in the line network as equal as
possible.

This paper is organized as follow. In Section 2, we define Voronoi diagrams on line
networks and describe their properties, and an algorithm for calculating Voronoi cells.
By applying the algorithm, we present an iterative method for finding the centroidal
Voronoi in Section 3. Then Section 4 gives details on the algorithm design for Voronoi
tessellation and centroidal Voronoi tessellation. Section 5 presents the experimental

results with discussions, which are followed by the conclusions in Section 6.
2. Voronoi diagrams on line networks
2.1. Definition and properties

2.1.1. Line network
Line networks can represent a set of vertices and the connections between them.

They have a wide range of applications, such as path planning. We first define a line
4
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Fig. 2.1: Line networks and Voronoi diagrams over them. (a) a line network; (b) the
Voronoi diagram over that line network. s;, so and sg are three seed points; the colors
identify the corresponding Voronoi cells.

network G = (V, F) in the N-dimensional space (seeing figure 2.1(a)). The set of vertices

is given as,
V ={v1,v,--,v, },u; ERN, 1 <i <,
and the set of edges is,

E:{(’Uiavj)ugingny

v; and vj are directly connected by a continous curve v;; of finite length.}

In the shortest path problem, we usually assign a weight w; ; to each edge (v;,v;) € E
of the line network. The weight of a path is the sum of weights of all edges on the path
from vertex v; to v;. The path with the least total weight from vertex v; to v; is
called the shortest path from vertex v; to v;. The corresponding total weight, called
the shortest distance between vertices v; and vj, is denoted by d; ;. If there is a path
between any two points in the vertex set, then the line network is connected; otherwise
the network is disconnected. If the edges are directional, that is, (v;,v;) and (vj,v;)
represent different directed edges, then the network is called a directed network. In
undirected networks, (v;,v;) and (vj,v;) represent the same edge and w; ; =w;;. We
also denote w(p;,p;) as the weight between two points p; and p; on the same edge curve
of the line network, which is proportional to the length of curve connecting p; and p;

on the same edge curve.

2.1.2. Voronoi diagrams on undirected networks
5
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We only consider the Voronoi diagram problem on undirected connected networks.
For Voronoi diagram problems on disconnected networks, we can divide the disconnect-
ed network into several connected sub-networks and then solve the Voronoi diagram
problem on each connected sub-network.

We define the network space Q¢ on the N-dimensional connected network G = (V, E)

as:
Qg ={peR"|p is on curve v;; and (vi,v;) € E}.

DEFINITION 2.1. Let dg(pi,p;) be the distance metric between two points p; and p; on
Qg. For a given point set S={si}7, on Qg, the Voronoi cell ‘A/k corresponding to a

point s is defined as
Vi={peQclda(p.si) <dc(p.s;). ¥} (2.1)

Then {XA/k}};“Zl is called a Voronoi tessellation of the network space Q¢. Figure 2.1(b)
shows the Voronoi cells are determined by three seed points on the line network.

In order to define the distance between seed points and points on Q¢, we further
define a new network Gg=(Vs,FEgs) by adding the set of discrete seed points S to the
vertices of G, Vg=V US, and Eg is updated according to the following rules: if the
curve +y;; corresponding to an edge (v;,v;) € E' does not pass through any point in S,
then (v;,v;) is added to Eg; otherwise, if the curve ;; passes through points in S in
the order of {sg, }L_o,1>0, edges (vi, 8k, ), (Sk,,v;), (Sky»Skipr),t=0,---,1—1 are added to
Es.

For a given discrete set S={s;};", and network G =(V,E), we define the distance
between any two points pi,p2 € Qg as the length of their shortest path on network G,
denoted by dgg(p1,p2). Then the Voronoi tessellation {ﬁk}?zl of Q¢4 with respect to
the discrete set S has the following properties.

PROPOSITION 2.2 (Shortest Path). VYveQg,, if ve Vi, we have pe Vi for an
arbitrary point p on the shortest path from v to the underlying seed point sy of IA/k.

Proof: As shown in figure 2.2, if there exists a point p on the shortest path (the
green solid curve) from v to sg, such that p € I/;},p ¢ 17k,l # k, according to (2.1), we have,

das(p,s1) <das (p, sk)- (2.2)
6
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Fig. 2.2: Proof of Proposition 2.2. The green solid line represents the shortest path
from v to the seed point si of the Voronoi cell v belongs to. p is an arbitrary point on
the path and s; is another seed. The red dotted line is the shortest path from p to s;.

Immediately, (2.2) gives,

dGs (’U,p) +dGS (pasl) < dGs (Uap) + dGs (p, Sk)' (23)

Since the sub-path of a shortest path is also a shortest path connecting the corresponding

endpoints of the sub-path, we have,

dGS(U7S/€):dGS(U7p)+dGs(p75k)' (2'4)

(2.3) and (2.4) together give that,

das(v,p) +dag(p,s1) <dgs(v,sk). (2.5)

This means that we find a closer seed point, s;, for v, which is contrary to v & Vk.l

We can see that if both endpoints of an edge belong to the same Voronoi cell, any
points on the edge must also belong to that cell. Since a point may be the intersection
of two or more cells, we have the following property for Q¢,.

PROPOSITION 2.3 (Closure). V(v;,v;) € Es, if vie({_; Vi, 05 €Ny XA/jl ,q>1,t>
1, for any point p on the underlying curve, ~;; of the edge (v;,vj), we obtain pe
(Ui Vi) U (Ui Vi)-

Proof: As shown in figure 2.3, assume that there exists a point p on curve 7;;, such
that pe f@,r#ik,r;&jl,k: 1,---,q,l=1,---,t. Without loss of generality, assume that
the shortest path from p to s, goes through vertex v;. According to Proposition 2.2, we
have v; € IA/T Since r#ig,k=1,---,q, it is contrary to v; € ﬂZ:1 r@kl

PROPOSITION 2.4 (Locality). If {‘Zi}le,kZI are all the adjacent Voronoi cells
7
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Fig. 2.3: Proof of Proposition 2.3. (v;,v;) is an edge of the line network, p is an arbitrary

point on the underlying curve of the edge. v; € %k,vj € V]l, V is another Voronoi cell
(shown as dotted regions). Assume that the shortest path (the green solid curve) from
p to s, goes through vertex v;.

to Voronoi cell YA/C, for an arbitrary point peIA/c and an arbitrary non-adjacent cell \7f

of ‘A/C, there exists an i€ {1,--- ,k}, such that dag(p,se;) <das(p,sy)-

Fig. 2.4: Proof of Proposition 2.4. Cell f} is adjacent to 1761,1752,‘763, -+, except Vf
Point p is an arbitrary point in V Without loss of generality, assume that the shortest
path from p to sy goes through Vcl, and the entrance point in VCl for this path is p;.
The blue solid curve depicts the shortest path form p; to s,.

Proof: As shown in figure 2.4, without loss of generality, assume that the shortest
path from p to seed point s¢ of ‘7f goes through YA/CI, and the entrance point in ‘A/Cl for
this path is p;. Since the sub-path of a shortest path is also a shortest path connecting

the corresponding endpoints of the sub-path, we have,

ng(p,Sf):dGS(]LpZ‘)"‘dGS(pi,Sf)' (2'6)

As ‘Z is not adjacent to ‘A/f, but adjacent to 1761, it is clear that, p; € ‘701 and p; ¢ ‘A/f.
8
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According to (2.1), this means,

dGs(Pi7501)<dGs(pi75f)- (27)

(2.6) and (2.7) yield,

dGs (pvpz) +dGs (piascl) < dGs (papl) +dGs (pusf) = dGs (pasf) (28)

Since the sub-path from point p to p;, and the shortest path between p; and s., together

give a path from point p to seed point s.,, we have,

dGs(pvscl)SdGs(pvpi)"_dGs(piascl)' (29)

Combining the inequalities in (2.8) and (2.9), we obtain dgg (p,se,) <dag(p,sy). M

From Proposition 2.4, we can conclude that adding or removing a seed point in the
network only impacts the cells influenced by the seed, i.e., cells containing the seed and

cells adjacent to those cells.

2.2. Computation of the Voronoi diagram on an undirected connected

line network

According to the definition and analysis in Section 2.1, given an undirected con-
nected line network G=(V,E) and a seed point set S={s;}}",, the computation of
the Voronoi tessellation of network space 2o with regard to S requires us to locate the
nearest seed points in S for given vertices in Vg, or points on underlying curves of edges

in Fg. So we have the following definition:

DEFINITION 2.5. Let Vor:Qg, — 25 be a map from network space Qa to the power set
of the seed point set S. Vor(p) indicates the set of seed points whose seeds are nearest
to a given point p € Qay .

So, the computation of the Voronoi diagram on an a line network is equivalent to

find out the map Vor.

2.2.1. Voronoi cells for vertices in Vg

Vertices in Vg can be divided into two kinds, i.e., the set of vertices V' on the line

network G and the set of seed points S. Since for any seed point s € S,dg4(s,s) =0, we
9
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easily obtain,
Vor(s)={s},VseS. (2.10)
According to the definition in (2.1), for any vertex v €V, we have,

Vor(v)={s5€Sldgs(v,5) <dgs(v,s),¥s€ S},YveV. (2.11)

2.2.2. Voronoi cells for points on edges in Eg

Proposition 2.2 tells that if the shortest path from a vertex to the seed point of the
vertex’s containing Voronoi cell includes the edges adjacent to the vertex, then all the
points on that edge belong to the containing cell. Otherwise, the points on the edge

may belong to different cells. Thus we have the following theorem.

THEOREM 2.6. If (v;,v;) € E, denote S; j =Vor(v;)NVor(v;), where d; is the distance
from v; to the seed points in Vor(v;), and d; is the distance from v; to the seed points

in Vor(vj).

(1) if |d; —d;|=w; ;, then for any point p on the underlying curve v;; of edge (v;,v;)
(excluding vertices v; and v;), Vor(p)=.5;;;
(i1) otherwise, there exists a cut point p. on curve vy;;, such that Vor(p.)=Vor(v;)U

Vor(vj) and the weight from p. to v; on curve v;; is
w(pe,vi) = (w; j +d;j —d;) /2. (2.12)
Proof: (i) Without loss of generality, assume that,
dj=d;+w; ;. (2.13)
For any seed point s’ € Vor(v;), obviously we have dgg(s',v;) =d;. So, (2.13) gives,
dag (8',v) +w; ;=d;. (2.14)
This means there exists a path from v; to seed point s’ with the same distance d;. Since

d; is the minimal length of the path from v; to all seed points, we immediately conclude
10
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that s’ € Vor(v;). This means,
Vor(v;) CVor(v;). (2.15)
So, we have,
S;.;=Vor(v;). (2.16)

Since the sub-path of a shortest path is also a shortest path connecting the corresponding
endpoints of the sub-path, we conclude from (2.14) that there exists a shortest path from
vj to s’ which passes through edge (v;,v;). According to Proposition 2.2, for any point p
on curve 7;; (excluding vertices v; and v;), p also belongs to the Voronoi cell containing

s’. This gives,
Si.; CVor(p). (2.17)

Consider any seed point s” € Vor(v;)\S; ;, any seed point s’ €.S; ;, and any point p on

curve vy;; (vertices v; and v; are excluded). From (2.13), we obtain,
di=dgs(p,s') <dcs(p,s")=d;. (2.18)
According to the definition of shortest path, we have,
das (p,s”) =min(w(p,v;) +dag (vj,s"),w(p,v;) +dag (vi,s")). (2.19)

Since there exists a shortest path from v; to s which passes through edge (v;,v;), we

also have,

dGs (p78l) :w(pvvi)+dGS (Ui,Sl). (220)
Again, (2.13) gives,

dj=dag(vj,s")=das(v;,s") =das (vi,s") +w; ;. (2.21)

11
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So, (2.18)—(2.21) together yield,
das(p.s') <das(p,s”). (2.22)
This immediately implies that for any s” € Vor(v;)\S; ;,
s" & Vor(p). (2.23)
We known from Proposition 2.3 that,
Vor(p) CVor(v,))UVor(vj). (2.24)

Combining (2.16), (2.17), (2.23), (2.24), we have Vor(p) =S, ;.

- ~ - ~
' ~ 7 N
/ A\ V4 \
/ Vi Vi \
! wnvi) D 1
\ ) 1
Si=VorVi) /
~ ~ Si=VorVj,
N P R p Sy
S o PR SN o _

Fig. 2.5: Proof of Theorem 2.6(ii). p is an arbitrary point on edge (v;,v;), si€
Vor(v;),si€Vor(vj),sg ¢ Vor(vj),s; ¢ Vor(v;), w(p,v;) is the weight from p to v; on
the underlying curve vy; ;. The solid curves depict shortest paths.

(11). Without loss of generality, assume d; <d,, then we must have,
dj <di+wi7j. (225)

Otherwise, if d; >d; +w; ;, we can find a shorter path between v; and the seed points.
This is contrary to the fact that d; is the minimal length of paths from v; to all seed

points. So,
0<(wi’j+dj—di)/2<wi,j. (226)
Proposition 2.3 tells that, for any point p on curve ;;, we have,

Vor(p) CVor(v;) UVor(vj). (2.27)
12
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If Vor(v;) is equal to Vor(v,), Obviously, (ii) holds from Propostion 2.3 and (2.26).
Otherwise, as shown in figure 2.5, consider any seed point s; € Vor(v;) and any seed

point s; € Vor(vj), sp € Vor(v;),s; ¢ Vor(v;). Without loss of generality, assume that

dGS(p7Sk)<dGs(p7Sl)~ (228)

We claim that the shortest path from p to s; must first meet vertex v; and then reach
seed point s;. Otherwise, the shortest path first meets v; and then reaches si. According

to the definition of shortest path, we have

dGS(paSk):w(pavj)+dcs(vjﬂsk)' (229)

Since d; is the minimal length of paths from v; to all seed points and s ¢ Vor(v;), we

obtain
das(vj,s1)>d;j=dag(vj,81). (2.30)
Combining (2.29),(2.30) and the definition of shortest path, we have
das (p,sk) >w(p,v;) +das (vj,s1) > das (p,s1)- (2.31)

This is contrary to the assumption in (2.28). Based on (2.27) and (2.28), we conclude
that,

sp€Vor(p),si ¢ Vor(p). (2.32)

For any point p satisfying (2.28), based on the arbitrariness of s, and s;, (2.27) and
(2.32) give,

Vor(p) =Vor(v;). (2.33)

Since curve ;; is continuous, as point p continuously varies from one endpoint to
another on the curve, the minimal length of the paths from p to all the seed points is
also continuous. Obviously, this minimal length is bounded and thus the maximum of

this minimal length exists. Assume that the maximum is reached at point p. on the
13
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curve vy;;. We claim that for any seed point si € Vor(v;) and any seed point s; € Vor(v;),

sk ¢ Vor(vs),s1 ¢ Vor(v;),
das (Pe;sk) =das (Pess1).- (2.34)

Otherwise, without loss of generality, we assume dgg(pe,sk) <dag(Pe,s1). According
to (2.33), we know that minimal length of the paths from p. to all the seed points
is dgg(pe,sk). Since the minimal length of the paths from p to all the seed points is
continuous w.r.t. p on curve ;;, we can always find a change |dp| >0 small enough
toward v;, such that dgg(pec+6p,sk) <dag(pe+0p,s;). Thus, the shortest path from
De+Ip to s also first goes through v;. So, we have dg g (pe +0p, k) =da s (Pe, Sk) + |0p] >

das(pe,Sk), which is contrary to the maximality of dg (pe,sk)-

Immediately, (2.34) implies
Vor(pe.)=Vor(v;))UVor(v;). (2.35)

Since the shortest path from p. to si first goes through v;, we have

dGs (e, sk) = w(pe,vi) +di. (2.36)
Similarly, we have

dcs(pe,s1) =w(pe,vj) +d;. (2.37)
We also know

w; j = w(Pe,v;) +w(pe,v;)- (2.38)

Substituting (2.36)—(2.38) into (2.34), we finally obtain (2.12).H

For any edge (v;,v;) € Eg, we can judge whether a cut point exists on the edge or
not, based on Theorem 2.6. If it exists, (2.12) locates the cut point.

According to the definition of Voronoi cells, we can also define Voronoi cells by

means of the map Vor,

Vi={peQalsreVor(p)},k=1,---,m. (2.39)
14
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Consider the sub-network Gy = (Vj,Ey) formed by all vertices and cut points in

Voronoi cell ‘71« We can easily obtain
Vi=0g, k=1,---,m. (2.40)

This indicates that the Voronoi tessellation {‘7;6}’,?:1 of the network space ¢ implies

m

a partition {Gy}7-, of the underlying line network Gg.
3. CVT on a line network

3.1. CVT on RV
Given an open set Q CRY and a probability density function p defined on €, the

mass centroid s* of 2 is usually defined as

e Joyo(y)dy

 Jory)dy 31

Given m seed points {s;}7"; on €, we can determine their associated Voronoi

cells {\A/k}}g":l. In turn, given regions Dy,k=1,---,m, we can also calculate their mass
centers sy, k=1,---,m according to (3.1). Given a Voronoi tessellation {‘A/k}’,;”:l of Q,

if the seed points for the Voronoi cells are themselves the mass centers of those cells,
ie., sp=s5,k=1,---,m, we call such a tessellation a centroidal Voronoi tessellation.
Obviously, an arbitrary set of seed points will unlikely be the mass centroids of the
associated Voronoi cells.

Next, to calculate the CVT for a line network, we introduce an iterative algorithm,
called Lloyd’s method [10]. Lloyds method updates the Voronoi tessellation and seed
points in each iteration. Given the number of seed points, m, an open region QCRY
and a probability density function on 2, the main procedures of Lloyd’s method are as
follows:

1. Randomly select m seed points {s}7" ;

2. Calculate the associated Voronoi tessellation {XA/k}anl of Q with seed points
{sk}itss

3. Calculate the mass centroids, s, for each Voronoi cell Vk,k: 1,---,m;

4. If centroids and seed points meet the given convergence criterion, the algorithm
terminates; otherwise, take the centroids as new seed points and go to Step 2.

This algorithm has been proved convergent [6, 11].
15
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3.2. CVT on a line network

Given a Voronoi tessellation on a line network, we also expect the average distances
to be equal between points and their associated seed points for all Voronoi cells. This is
common in real scenarios. For example, we hope to set charging stations in a city such
that electric automobile drivers can go to their nearest charging station in nearly equal
time in average. Again, we hope to place garbage bins in a park to ensure that people
travel roughly equally average distance to walk to the nearest bin when they need to

drop litter.

For this end, given an undirected connected line network G=(V, E), a probability

density function p on network space (2, we define the mass centroid s for 2g as

=arg min z / d%(p,y)p(y)dy. (3.2)
PEQG
(vi,v5)€EE Vij
Though line network space is usually not convex, one can prove that (3.2) and (3.1) are

essentially the same when used in a convex space.

Now, we generalize CVT on N-dimensional to line networks. Given an undirected
connected line network G =(V, E), a probability density function p on network space
Q¢ and m seed points S={si}7,, if the mass centroids of Voronoi cells {‘A/k}}cn:l
corresponding to S are also the same as their seed points, we refer to this Voronoi

tessellation as the centroidal Voronoi tessellation of Q.

Following the cost function used in discrete optimal transportation problem, given
any seed points set S={s;}}"; on Qg and any tessellation 7= {T}}}", of Qg, we

generalize the cost function to line networks and have

=>. > /~dé(y78k)p(y)dy, (3.3)

k=1(vi7vj)eﬁk Yij
where E}, is edge set of Ty. Denote by V(S)= {‘7;@}2”:1 the Voronoi tessellation of Q¢
corresponding to seed points set S = {s;}1~;. We have the following results.

THEOREM 3.1. Denote by {S,} the seed points sequence during iterations of Lloy’s

algorithm used to calculate CVT on a line network G. We have

5(Sn,V(Sn))Sg(sn,l,V(Sn,l)). (34)
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Proof: According to the definition in (3.2), given T, when £(S,T) is minimized,
sk is the mass centroid of Ty, k=1,---,m. So, we have
E(SnH,V(Sn)):mgné’(S,V(Sn)). (3.5)

Following [6], we fix the seed point set S. Consider any tessellation T" which is not the

Voronoi tessellation {V }7L corresponding to S. We compare (3.3) with the following
E(S AV} Z > / g (y,s5)p(y)dy, (3.6)

where F; is edge set of XA/J

For any y € ‘A/j, we have

p(y)d& (y,s7) < p(y)de (v, sk), (3.7)

because y € ‘A/] but y may not belong to the Voronoi cell of s, i.e., y € Ty, but T} may
not be the Voronoi cell of sj. Since T is not a Voronoi tessellation, (3.7) must hold with

strict inequality over some measurable set of (0. So, we obtain

ESAVi YL <E(S.T). (38)
Immediately, (3.8) implies
E(Sn,V(Sn)) :mjing(Sn,T). (3.9

Substitute n into n—1 in (3.5), we obtain

5(Sn7V(Sn71))Sg(snflvv(snfl)) (310)

Additionally, (3.9) gives

Finally, (3.10) and (3.11) together give the expected result (3.4).H
17
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Algorithm 1 Define distance metric on line network

Input: Line network G=(V, E),and weights W
Output: Distance Dist

1: function SHORTESTPATH(G, W)

2: for allveV do

3: Dist(v) < Dijkstra(G,W,v)

4: end for

5. end function

According to Theorem 3.1, when we use Lloyd’s algorithm to iteratively find the
CVT of a line network, the cost function defined in (3.3) declines monotonically. Since
the cost function has a lower boundary (not negative), the sequence {£(S,,V(S,))}

converges, resulting in a corresponding CVT of line network G.

4. Algorithms
In this section, we develop algorithms for finding the Voronoi diagram and centroidal

Voronoi tessellation of line networks.

4.1. Voronoi diagram on a line network

For a given undirected network G = (V,E) with weight W and initial seeds S=
{sk}}, on network space Q¢, to obtain a Voronoi tessellation on network G, we must
compute Voronoi cells {Vk}Z’ZI for corresponding seeds. According to Section 2.2, cal-
culating the Voronoi diagram on the undirected network is to calculate the length of
the shortest path between any two points in the network, that is, to define the distance
between any two points on the network space Q¢. So, we need to calculate the short-
est path length between vertices on the line network Gg. For more details about the
shortest path algorithms, please refer to [12].

We consider only connected networks with non-negative weights. We could traverse
each vertex of the network and use Dijkstra’s algorithm [12] to get the shortest path
between any two vertices.

The function for calculating the shortest path between any two vertices in a network
G is denoted by ShortestPath,shown in Algorithm 1, and results are stored in a data
structure Dist. We use Dist(v) to hold the shortest path lengths from vertex v to the
remaining vertices, and Dist(v;,v;) to hold the shortest path length between any two
vertices v; and v;. Dijkstra(G,W,v) represents Dijkstra’s algorithm to calculate the
shortest path lengths from vertex v to the rest of the vertices on a given line network

G and corresponding weights W. The pseudo-code for the ShortestPath is as follows:
18
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Algorithm 2 Add seed points into line network and update distances

Input: Line network G =(V, E), weights W, distance Dist and seed points S ={sz}]",
Output: New line network Gg = (Vs, Eg), weights Wg and distance Distg
1: function UPADATEGRAPH(G, W, Dist, S)
VeV, Es<+ FE, Wg+ W, Distg < Dist;
for all s€ S, suppose s is on edge (v;,v;) € Eg do
Es — EsU({(s,0:),(5,0,)});
Ws(s,v;) +—w(s,v;),Ws(s,v;) < w(s,v;),Wg(vi,v5) 400, Wg(s,s) +0;
for all ve Vg do
Distg(s,v) < min(Dists(v,v;) +Ws(s,v;),Dists(v,v;) +Ws(s,v;));
end for
Vs« VsU{s},Dists(s,s) < 0;
10: end for
11: end function

Algorithm 3 Compute mapping Vor

Input: Network Gg=(Vs,Eg), seeds set S={s;}}" ,weights Wgand distance Distg
Output: Mapping Vor, and cut points set C
1: function VORONOICUT(Gg, Wg, Dists, S)

2: for all ve Vg do

3: Compute Vor(v) based on (2.10) and (2.11);
4: end for

5: C«0;

6: for all (v;,v;) € Es do

7: if there exists a cut point p. on (v;,v;) based on Theorem 2.6 then
8: Calculate p.’s position according to (2.12);
9: Vor(p.)=Vor(v,))UVor(v));

10: C+CU{p.};

11: end if

12: end for

13: end function

In the above algorithm, we add initial seeds S={sx}}" into the vertex set of the
network G giving an updated network Gg=(Vg,Eg) with corresponding weights. In
Algorithm 2, UpdateGraph finds the shortest path distances between the vertices on the
updated network Gg.

Here, the function UpdateGraph adds seeds in S into the original network, updates
the corresponding vertices and edges, and calculates the shortest path lengths from
those newly joined points to the original vertices. In this algorithm, min(a,b) is the
smaller of a and b, w(v;,v;) denotes the weight of the curve connected directly between
v; and v; (without passing through any other vertices); otherwise, w(v;,v;) = +o00.

In the next step, we can compute the Voronoi cells of Gs=(Vg,Eg) and determine

cut points on edges. Function VoronoiCut performs this task, as shown in Algorithm 3.
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Algorithm 4 Compute Voronoi tessellation for line networks

Input: Line network G=(V,E),weights W distance Dist,and seed points set S=
{8k}, N
Output: Voronoi tessellation {V;}7’, on network space Q¢
1: function GRAPHVORONOI(G, W, Dist, S)
2: (Gs,Wg,Distg) + UpdateGraph(G,W, Dist,S);
3: (Vor,C) «VoronoiCut(Gg,Wg, Dists,S);
4: Construct {V;}™ , from Vor and C;
5: end function

Algorithm 5 Compute centroidal Voronoi tessellation for line networks

Input: Line network G=(V, E),weights W,and the number of seed points m

Output: centroidal Voronoi tessellation {Vk}}f:l on network space Q¢
1: function GRAPHCVT(G, W, m)

2: Generate m random seed points S={sg}?";

3: Dist+ ShortestPath(G,W)

4: {‘7;.3}2"‘:1 + GraphVoronoi(G,W, Dist,S);

5: Compute the centers, {S;}7", of all Voronoi cells by (3.2);

6: if {sx}7, and {5}, satisfy the given convergence criterion then
7: go to Step 12;

8: else

9: S+ {gk}ZL:l,
10: go to Step 4;
11: end if

12: end function

Finally, Algorithm 4 presents the Voronoi tessellation algorithm GraphVoronoi for

a line network by combining above algorithms.

4.2. Centroidal Voronoi tessellation algorithm on networks

We use Lloyd iteration to solve the problem of centroidal Voronoi tessellation. Com-
bining the previous algorithms, we can design a centroidal Voronoi tessellation algorithm
GraphCVT for line networks as listed in Algorithm 5.

In all experiments, we adopted the convergence criterion that the sum of the shortest
path lengths between the corresponding points of {s;}7*, and {Sx}}", is less than a

given tolerance €, i.e., Y ;- d%(sk,S) <e.

5. Experimental results and discussions

In this section, we illustrate the effectiveness of the proposed method for typical
rectangular and triangular grid examples, and provide several practical applications. In
each case, the probability density of the points in the network space is evenly distributed

according to the weight of the edge.
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Fig. 5.1: Centroidal Voronoi tessellation on a rectangular network with 4 initial seed
points.

5.1. Rectangular and triangular grid networks

We have demonstrated the effectiveness of the proposed method by illustrating
rectangular and triangular grid networks. Figure 5.1(a) shows a 5 X 5 rectangular mesh
with 25 vertices, with equal weights on each edge. As shown in Figure 5.1(b), after four
seed points have been randomly generated, a Voronoi tessellation is obtained. After
eight iterations, it converges to a final centroidal Voronoi tessellation. Figure 5.1(c)
shows another set of initial seed points and converges after only three iterations as
shown in Figure 5.1(d)—(f). Both of these results are reasonable.Please note that the
dots in all subfigures ,except subfigure (a), denote seed points. The Voronoi cells are
identified by lines with the same color as the seed points. The color of an edge shared

by cells is the average of the color of corresponding seeds in the cells.

Figure 5.2 shows an example of a planar triangular grid mesh. In Figure 5.2(a),
each edge has the same weight. Figure 5.2(b) shows 3 randomly distributed seeds and
their Voronoi cells. The seeds will algorithm converges after four iterations, and the
average distances from each point in a cell to its seed point are equal. According to
the symmetry, we can choose another vertex in the same edge as the seed point, which

is different from the convergence result in Figure 5.2, and it is also a solution to this
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Fig. 5.2: Centroidal Voronoi tessellation on a triangular grid network with 3 initial seed
points.

example. Similar with to the example in Figure 5.1, the Voronoi cells are identified by
lines with the same color as the seed points, the color of the edge shared by neighboring
cells is the average of the color of corresponding seeds in the cells and edges shared by

all seeds are colored in black.

5.2. Practical applications

We apply the proposed centroidal Voronoi tessellation method to three practical
situations: the trash cans in the Beijing Olympic Forest Park, the distribution of the
electric car charging stations in Beijing, and optimization of the distribution of logistics

or express depot around the expressways in China.

5.2.1. Distribution of the trash cans in the Beijing Olympic Forest Park
In our first application is to the Olympic Forest Park, we aim to put trash cans along
the roadside, so that visitors in any places can reach to the nearest trash with almost
the same time. For this objective, we use the initial locations of the trash cans as seed
points, and compute the optimal locations by centroidal Voronoi tessellation on the line
network of the park’s roads.
Figure 5.3 maps out the Olympic Forest Park and the extracted line network (276
vertices, 434 edges, and the edge weights are the corresponding road lengths). Figure 5.4

shows the results of the proposed algorithm. The left column of Figure 5.4 shows a case
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Fig. 5.3: Map of the Olympic Forest Park (left) and the extracted line network (right).
Black points are road intersections, and lines are network connections.

with 10 trash cans. From top to bottom are randomly distributed initial seeds and
locations after 1, 4, and 7 iterations respectively. The right column of Figure 5.4 shows
a case for 20 trash cans. From top to bottom are randomly distributed initial seeds
and locations after 1, 14, and 27 iterations respectively. Please note the algorithm
converges after 7 and 27 iterations, which is very efficient. Different colors identify
different Voronoi cells, and the seed points in different cells are represented by dots of

corresponding colors.

5.2.2. Distribution of charging stations for electric cars in Beijing

As electric vehicles become more and more popular, the demand is increasing for
electric vehicle charging stations. How to plan the locations of charging stations becomes
an interesting problem, so as to allow users to quickly find their respective nearest
charging station and improve the utilization of each charging station. Specifically, taking
the main traffic roads within Beijing as an example, we use the proposed method to
demonstrate how to determine the locations of 50 charging stations.

The right figure in Figure 5.5 shows the network of Beijing map with 1034 vertices
and 1801 edge, with edge weights being the corresponding lengths of the roads.

Figure 5.6 and Figure 5.7 show that 50 charging stations converge to different loca-
tions under two different initial seed settings, demonstrating that the iterative method
in this paper is locally convergent (discussed further in Section 5.3). From the conver-
gent locations of charging stations, it can be found that some locations in two cases are

highly consistent with each other, especially in the outer layer.

5.2.3. Optimization of depot locations for express or logistics
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Fig. 5.4: Results of placing 10 (left) and 20 (right) trash cans, respectively. Top to
bottom: random initial seeds, after one iteration, intermediate results(after 4 or 14
iterations) and final convergence results (after 7 or 27 iterations).

Our approach can also optimize the distribution of depot locations for express or
logistics companies. Figure 5.8 shows the national expressway network. We took the

national roads and built a corresponding network with 287 vertices and 508 edges;
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Fig. 5.5: A traffic satellite map of Beijing city (left, Baidu map (©Baidu.com) and
the main traffic roads within the Sixth Ring Road (right). Black points depict road
intersections, and lines locate the network connections.

Fig. 5.6: Locations of charging stations at convergence after 28 iterations. Initial seeds
(above) and converged results (below).

the weight of each edge is the length of the corresponding road. Express or logistics
companies usually build depots beside the expressway. In order to make effective use
of each depot, the average length of the road covered by each depot should be equal

as far as possible. We optimize the locations of the depots by computing a centroidal
25
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Fig. 5.7: Locations of charging stations with different initial seeds. Initial seeds (above)
and converged results after 33 iterations (below).

Voronoi tessellation. Figure 5.9 shows a result for 35 depots on the national expressway

network.

- PESRARR

Fig. 5.8: The national expressway network and corresponding line network. Right: black

points are vertices, the straight lines are edges of the line network, and the blue-green
curves are the real highways.

5.3. Discussions

26
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Fig. 5.9: Results of building 35 depots on the national expressway. The upper figure
shows random seeds, and the figure below is the converged result after 38 iterations.
Dots indicate the locations of the depots, and the corresponding color indicates the
Voronoi cell of each depot.

For any given connected networks, the proposed algorithm will converge to a so-

lution. However, this method does not necessarily guarantee the optimal solution(i.e.,
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Fig. 5.10: Star-like networks with tree structure: Voronoi tessellations with 3 seed points
(b-g) and 7 seed points (h-1). The dots represent the seed points, with the corresponding
Voronoi Cells represented in consistent color.

the average distance from each point to the seed point is equal), due to the structural
characteristics of the networks. We now illustrate various networks with their respective

structures.

5.3.1. Line networks with a tree structure

When the network has a tree structure, all the sub-networks corresponding to the
Voronoi tessellation of the network also have tree structures. When the centroid of
the tree happens to be the seed point of the partition, a (locally) optimal solution will
be obtained. Figure 5.10(a) shows a “star” like line network with six edges, where
each edge weight is equal. A Voronoi tessellation is obtained by randomly spreading
three seed points(see Figure 5.10(b)), and a locally optimal solution is reached after
7 iterations(see Figure 5.10(c)). Figure 5.10(d) and (f) show two other initializations,
converging to the Voronoi tessellations in Figure 5.10(e) and (g) after 8 iterations and
16 iterations respectively. If the average distance from the points in each cell to the
corresponding seed point is required to be as uniform as possible, Figure 5.10(c) and
(e) are better than the tessellation shown in Figure 5.10(g). However, in this example,
a tessellation with 3 cells cannot be found so that the average distance from the point
to the seed point is equal for each cell. If the number of seed points is set to 7, a
tessellation with equal average distances can be obtained for a specific choice of initial

seeds, as shown in Figure 5.10(h) and (i).

Therefore, for a general tree network, a centroidal Voronoi tessellation whose average

distances are equal in each Voronoi cell does not necessarily exist, but depends on the
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number and locations of the seeds.

5.3.2. Line networks with a loop

(d) (e) (f)

Fig. 5.11: Centroidal Voronoi tessellation of a hexagonal network with 6 seed points.
(a) the network; (b) 6 random seed points and corresponding Voronoi tessellation(c)—(e)
tessellations after 1, 7 and 12 iterations(f) the converged tessellation after 32 iterations.

We next consider the networks with a loop. Figure 5.11(a) shows a hexagonal net-
work in which the weight of each edge is equal. We initialize six seed points randomly
on the network and obtain the initial Voronoi partition in Figure 5.11(b). After 32 iter-
ations, the tessellation converges to a final result shown in Figure 5.11(f). For a network
with a single loop, the centroidal Voronoi tessellation on the loop can be transformed
into a one-dimensional Voronoi problem. Although the centroidal Voronoi tessellation
on networks with a loop varies with the initial seed points, the mean distances from the
points in each cell to their respective seed points are equal.

Obviously, for a network with a single loop, a centroidal Voronoi tessellation exists
with equal mean distances from points in each cell to the corresponding seed point, but

this tessellation is not unique.

6. Conclusion
This paper has studied a special discrete optimal mass transportation problem on
the line networks. Previous researches on discrete optimal mass transportation problem

usually require the space to have the property of convexity. This is not the case in real
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scenarios where the space is constrained on curves. We, therefore, propose the concept
of Voronoi diagrams on undirected connected line networks and develop an algorithm
for calculating such Voronoi diagrams based on the shortest path distance. Considering
practical applications, we extend the centroidal Voronoi tessellation of Euclidean space
to line networks so that the average distance is as uniform as possible between the points
in each Voronoi cell and the corresponding seed points. To achieve this objective, we
have computed the centroidal Voronoi partition of line networks by using an iterative
method. The method is proved effective in typical line network examples and practical
applications.

The increasing online taxi booking service poses a new problem, namely, how to
match drivers and passengers in a city, given the density distribution of the drivers
and the probability distribution of the passengers, to meet the service demands and to
minimize the total cost for drivers picking up passengers. This problem is associated

with the method proposed that deserves further further research.
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