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The spanning ratio of J-Skeletons

Weizhao Wang* Xiang-Yang Li*

Abstract

In this paper we study the spanning ratio of the (-
skeletons for 5 € [0,2]. Both our upper-bounds and
lower-bounds improve the previously best known results
[10, 12].

1 Introduction

Proximity graphs [1, 2, 3, 4] have been used exten-
sively in various fields including pattern recognition,
GIS( Geographic Information System), computer vi-
sion, and neural network [5, 3]. The spanning ra-
tios of the proximity graphs are of great interest to
many applications. For example, several results showed
that Delaunay Triangulation has a constant bounded
spanning ratio, which is at least 7 [6] and at most
27 /(3 cos(m/6)) ~ 2.42[2].

As one of the proximity graphs, §-skeletons have been
studied extensively in [8, 9, 10, 11]. Our main concern
in this paper is about the spanning ratio (or dilation)
of the f-skeletons. Given a set S of n points in a two
dimensional plane, two points v and v are (-neighbors
in S if N(u,v,) contains no point other than u or v
in S in its interior !. The most common definition of
N (u,v, ) is so-called Lune-Based Neighborhoods, which
is defined as follows.

Case 1: > 1. N(u,v,0) is the intersection of the

two circles of radius M centered at the points p; =

(1-— g)u + gv and py = gu +(1- g)v, respectively.

Case 2: 0 < 8 < 1. N(u,v,() is the intersection of
the two circles of radius %ZU) passing through both
and v.

Here ||uv|| is the Euclidian distance between u and v.
The 3-skeleton of a point set .S is the set of edges joining
[G-neighbors in S. When 8 = 1, the closed N(u,v,f3)
corresponds exactly to the Gabriel neighborhood of u
and v. When § = 2, the open N(u,v,() is the rela-
tive neighborhood of v and v. As (3 approaches oo, the
neighborhood of v and v approximates the infinite strip
formed by translating the line segment (u,v) normal to
itself. Notice when § > 2 the (3-skeleton graph can be
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disconnected, so we restrict our attention to the case
that 0 < 8 < 2. As [ approaches 0, N(u,v,() ap-
proximates the line segment connecting u and v. Thus,
except in degenerate situations (three or more points co-
linear), all point pairs are S-neighbors under this scheme
for 3 sufficiently small, which means that we can find a
[ to make the -skeleton of S a complete graph.

For 3 € [0, 1], the spanning ratio of B-skeletons is at
most O(n?) [10], where co = (1 —logy(1++/1 — §2))/2
and at least Q(n) [12], where ¢; = 1 — log;(3 +
\/2+2,/1 — 32). For some special -skeletons such as
Gabriel graph (GG) [1, 13, 10] (8 = 1) and the Rela-
tive Neighborhood Graph (RNG) [4, 14, 3, 15] (8 = 2),
Bose et al. [10] gave a bound which is ©(y/n) and ©(n)
respectively. Since the spanning ratio increases over (3
for 5 € [1,2], the spanning ratio of the beta-skeletons
for 3 for 8 € [1,2] is at least Q(n2) and at most O(n),
which is also the best known result till now.

The contribution of this paper is: We first prove that,
for § € [1,2], the f-skeletons have spanning ratio at
most (n — 1)7, where v = 1 — Llog, (s + 1), pa =
%. We then show that the Gabriel Graph has ezact

spanning ratio v/n — 1 and the Relative Neighborhood
Graph has exact spanning ratio n — 1. The spanning
ratio of (-skeletons for 5 € [0,1] is at most (n — 1)7,

where v = 1 —1log, (11 +1), p1 = /1 — 2. Finally, we
construct a point set whose (3-skeleton, for 8 € [0, 1], has

spanning ratio n°, where ¢z = 3 — Llog,(1 + 1/ £5H),
which improves the previously best known lower bound
[12].

2 Upper Bound of Spanning Ratio

Consider a geometry graph G = (V| E) over n points V.
For each pair of points (u,v), the length of the shortest
path connecting u and v measured by Euclidean dis-
tance is denoted by D¢ (u,v), while the direct Euclidean
distance is |Juv||. The spanning ratio (also dilation ra-

tio or length stretch factor) of the graph G is defined by

’(/)(G) = MaXy ve@ Dﬁ;u(:jﬂv)

nected, then 1 (G) is infinity, so it is reasonable to focus
on connected graphs only.

. If the graph G is not con-

2.1 Fade Factor of 3-skeletons

Our analysis of the upper bound of the spanning ra-
tio of (-skeletons rely on our definition of fade fac-
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tor of p-skeletons, which is defined as follows. Given
a 2-dimensional point set S and its (-skeleton G(f3),
choose any pair of points u,v € S. If uv & G(3), there
must exist a point w € S other than u,v in N(u,v, ).
We say that the point w breaks edge (u,v) and define

\ll‘ﬂi”ill‘l7 Ty = l\‘lilil‘ll as the two fade factors of uv

by w. We then study the property of fade factors of
(-skeletons, illustrated by Figure 1.

Case 1: [ € [1,2]. In this case, w must lie in the
shaded area N(u,v, (). For symmetry, we assume that
|lwu|| > ||Jwv||, ? In triangles Awup; and Awvp;, we

xr1 =

bave [fuw][? = [fup | + uopr |2 — 2 up | |aopy | cos
and [[ow||® = [Jop1[|*+[|wp:[|* =2[|vps || [ wp: || cos(m—av).
Consequently,
l[uw]|® — [lupy||* = [Jwp|? n luwl|® — [[opa||* — lwpa|®
l[up: || [[vpal
S SR S o 1 S
2-8 B 2 Jw|* p2-8) " 2-p8

Suppose that 0 < s = % < 1. We have the relation
between the fade factors when § € [1,2] and z1 > w2,

(1)

22 4 oz <1

4 A\\\\\\\X\\§x

>
\\\\\\\\\\\\\‘wp
(b) 8 €0,1]

The relations between fade factors of -

(a) B €[1,2]

Figure 1:
skeletons.

Case 2. 3 € [0,1]. In this case, we have 1 = 27 +
x% —2x179 c080. Let cosaw = /1 — 32. From 0+« > m,

we have

1> 22 4 22 — 22125 cos(m — ) = a2 + 22 + 22125 cos

2)

2.2 Construction of the fade factor tree

Our analysis of the spanning ratio is based on a con-
cept called fade factor tree, which intuitively records
the edge-breaking sequence for a pair of points v and
v. The exact definition is given along the following con-
struction algorithm.

Algorithm 1 Constructing the Fade Factor Tree

2This assumption implies that ||wpz| < |Jwp1] < |luv| and
Tl > x2.

0

1. Construct the root node corresponding to uv.

2. If there is no point inside N (u, v, 3) then stop. Oth-
erwise, assume a point ug € N(u,v,3). We put
edge uug as uv’s left child and edge ugv as uv’s
right child and label these two branches with their
fade factor x; and xo respectively. The leaf nodes
uUg, ugv form path uugv.

3. If we already have a binary tree with k leaf nodes
Pop1s P1P2, "y Pk—1Pk, Where po = u, v = py. Let
S1 = {po,p1, - ,px}. For every point p € S, we
test if p breaks edge p;p;11. We consider five cases
here.

(a) If p doesn’t break any p;p;+1 then continue to
try other points in S.

(b) If p € S — S; and p breaks a single edge
pipi+1 then similar to step (2), attach p;p as
the left child and pp;41 as the right child of
edge pipit1-

If p € S — .5 and it breaks multiple edges,
choose such broken edge p,p,4+1 with the min-
imum index r and pgpss1 with the maximum
index s. Attach node p,p to node p,p,+1 and
node pps41 to node pspsiq in the tree. Mark
all leaf nodes between p,.p and ppsy1. If all de-
scendant leaf nodes of an internal node have
marks, then also mark it. Delete all nodes
with marks.

If p € 51, say p = p;,and it breaks single edge
pipi+1- If 7 > i+ 1 then attach p;p; to node
piPi+1, and mark all leaf nodes p,,pm4+1 for
i+1 <m < j—1. If j < i then attach p;p;1 to
node p;p;+1 and mark all leaf nodes p,,pmi1
for j4+1 < m <. If all descendant leaf nodes
of an internal node have marks, then also mark
it. Delete all nodes with mark.

If p € 51, say p = p; and it breaks multiple
edges, choose the edge with the minimum in-
dex p,pr+1 and the maximum index pspsy1. If
J < r then attach p;psy1 to p;jp;j+1 and mark
all leaf nodes between p;ps1 and pgpsyi. If
J > s+1 then attach p,p; to psps41 and mark
all leaf nodes between psps+1 and pj_1p;. If
r+1 < j < s then attach p,.p; to prpry1
and attach p;psy1 to pspsyi1, then mark all
nodes between p,p,11 and pspsy1. If an in-
ternal node’s all descendant leaf nodes have
marks, then also mark it. Delete all nodes
with mark.

4. When there is no updating to the tree, con-
duct the following reduction process: for ev-
ery internal node, if it has only one child then
remove its only child. Visiting all leaf nodes



CCCG 2003, Halifax, Nova Scotia, August 11-13, 2003

from left-to-right, we get a sequence of edges
uko,B1Ey, -+, Bi-1Ei-1,Bjv.

Observation 1 Observations of fade factor tree.

1. For every 0 <1¢ <[ —1, we have F; = B; 1, so the
sequence can be written as uguq, U1, - -+ , Uj_1U].
(uwo = u, up =v).

2. 1 <n—1, where n is the number of total points in

S.

8. UQU1, U U, - -+ ,Uj_1U; corresponds to a simple
path connecting u and v in the (3-skeleton.

We can show that the above algorithm terminates.
For detail of the proof, see the full version of the paper.

2.3 Upper bound when 3 € [1,2]

Previously, Bose et al. [10] gave an upper bound O(n)
for -skeletons when (3 € [1,2] from the fact that, for a
point set S, the fi-skeleton belongs to the [s-skeleton
when (3 > (5. They use the upper bound of the RNG
(8 = 2) as upper bound for 8 € [1,2]. We improve it to

U(ﬂ7n) = (Tl - 1)FY7

where v = max{l — logy(pz + 1),9(u2)} = 1 —

Llogy(po + 1), po = %, and g(uz) is the solution to

1
the equation (p5"? 4 1)29(2) =1 4 py (See appendix
about the details of g(u2) and 7).
Before presenting our proof, we list some simple re-
sults. If z; > x5 and subject to the constraint of (1),
then for a,b > 0,

max{ax + bxa} =/a? +b2/pug; i b<psa (3)

Z1,T2
max{azxy +bxa} = (b+a)/\/us+1; ifb> psa (4)
T1,22

Now we prove our upper bound by induction on n.
When n = 3, there are only three points u, v and w,
and suppose that uv is longest edge. If w doesn’t break
uv, then (G) =1 < U(B). Otherwise, the relation of
the fade factors from (1) implies

W(G) = 21 + 2y < 217 2l08(H02) — (3, 3).

Suppose for all k& < n we have ¢(G) < U(8, k). Then for
k = n, we construct the fade factor tree T', and suppose
the fade factors of the root are 1 and x5. Suppose there
are n; leaf nodes in root’s left subtree and n,. leaf nodes
in root’s right subtree. Clearly, n; +n, < n — 1 and
we have ¥(G) < U(B,n + 1)x1 + U(B,ny + 1)z2. By
induction, we have U(3,n+1) < n] and U(3,n, +1) <
n). We consider two different cases here.

1. HU(B,ny + 1) > p2U(B,n; + 1), we have

v6) < UEm A +U(Bn + 1)/ /T
< (nl + ’I’L,,,)W . 21—1+% log2(1+M2)/m
< (=17 =U(En)

2. HU(B,n+ 1) < uU(B,ny + 1), we have (G) <
VUBm+ 12+ LU(B,n, +1)2. Let f(x) =

27 + i(n — o — 1)». Differentiating f(z), we

get f/(z) = 2y[z® ! — t(n —x —1)>71]. Since

1/2 < v < 1, f(z) reaches its minimum at

point xy = ”l, increases when = > =z,
1+M22’Y_1

and decreases when 0 < x < x3. Notice that
U(B,n. +1) < uU(B,n; + 1), which implies that

T = % <z <n-—2=uxz,. Itiseasy toshow
n—1 _ n—1

that 1+H;/W < o = W when Y < 1 and

po < 1.

Consequently, U(8,n; + )1 + U(B,n, + 1)as
reaches its maximum at point z; or x, = n — 2.
We can show that it reaches the maximum at point
xy. Thus,

W(G) < /TF i (n— 1)/ (ud +1)7.

Notice (u5 +1)7 strictly increases over [0, 1] for 7.
Thus

WG) < JTFm (n—1))(uf +1)

1

< VTFh (= 07/ + )00 = w0

The upper bound we proved so far could be a loose
bound, and usually the (-skeletons cannot reach this
upper bound. But at some extreme cases, we can show
that the upper bounds are indeed tight.

When ( = 1, the (-skeleton is the Gabriel Graph.
Then py = 255 = 1. It is easy to verify g(1) = %
Thus,

IN

1 1

1
v = max{l — 510g2(2), 5} =5

In the following section, we construct an example such
that GG has spanning ratio (n — 1)%. Consequently, we
have

Theorem 1 The spanning ratio of Gabriel Graph is ex-
actly U(1,n) = (n—1)z.

When ( = 2, the B-skeleton becomes the RNG. No-
tice g2 = 0, and it is not possible for U(B,n,.) <
u2U(B,n;). Then we have v = 1. In the following sec-
tion we review an example in [10] such that RNG has
spanning ratio n — 1. Consequently, we have

Theorem 2 The spanning ratio of Relative Neighbor-
hood Graph is exactly U(2,n) =n — 1.
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2.4 Upper bound when 3 € [0, 1]

The fade factors satisfy z? + 22 + 2z120/1 — 32 < 1
when 8 < 1. Let u; = /1 — 32 here. For symmetry,
assume that x1 > z5. Thus, 0 < x5 < L

\ o242 /1-p82"
If 1 > x9 and subject to the constraint (2), then for
a>0,b>0,

Va2 + b? — 2abpy
max{azry +brs} =
f£1,$2{ ! 2} /1 _M%

max{ax; + bra} = apy
T1,T2

ifb>ap; (5)

if b <ap (6)

When f € [0,1], we prove that the spanning ratio is

at most
1-logo(1+py)
U(ﬁ)n) = (n— 1)f7

We prove this bound similar to the case 8 € [1,2]. When
k = 3, it is easy to verify the correctness of the bound.
Suppose when k < n this bound holds. For k = n we
also construct the fade factor tree T, and assume the
fade factors of the root are 21 and x5. Assume there are
ny leaf nodes in root’s left subtree and n, leaf nodes in
its right subtree, where n;+n, < n—1. We have ¢(G) <
UB,n + Dy +U(B,ny + Do, Let a =U(B,n + 1)
and b= U(fB,n, + 1). We also prove it by cases:

Case 1: b < apy. In this case,we have ¢(G) <
U (B,n +1) <U(B,n).

Case 2: b > app. In this case we have ¥(G) <

£/ a?+b2—2ab . .
VAT =2 and it reaches the maximum when a = b.

17;@

Thus (G) < U(8, %51)\ /12 = U(B,n).

3 Lower bound of (3-skeletons

3.1 Gabriel Graph (5 =1)

Gabriel Graph is a special case of (-skeletons with § =
1. We construct a set of n points whose Gabriel graph
has spanning ratio exactly v/n — 1 as follows.

1. Let A1 A be the diameter of a unit circle C.

2. We then generate a point Ay from A1 and Ag_»
for k > 2. Draw a circle Cyx_1 using Aj_; and

Aj_o as diameter, and let sin ZApAr_1Ap_o =
: _ 1
sin Zop_1 = o

Figure 2 (a) illustrates such construction. We notice
that the graph is divided into two parts, all points with
the odd index and all points with the even index. It
is not difficult to prove the following properties of the
constructed point set.

1. AkAk+2:\/%7f0rO§k§n_2.

Ay Ay Ap-1

v \\
&N
Apof N Ap_3
/A Ay
Y
\
)

A A A Ay

(b) Relative Neighborhood Graph

C

(a) Gabriel Graph

Figure 2: Point sets that achieve the upper bounds of
the spanning ratio.

2. Let o = LAg-1AxAr+1. Then sinay = ﬁ
and Zap < ZLagyi. For every 1 < k < n — 2,
ZAk,QAkAk+2 = % + Loy, + % — Zag41. Thus,

LA 1 ARAr < 5.

3. For every A;A;, if |i — j| # 2 then A;A; is not in
the Gabriel Graph. Thus, the Gabriel graph are
formed by these edges A;A;12, 0 < i <mn—3, and
An—QAn—1~

Obviously, the spanning ratio of this graph is

Dg(AoA1) _ n—1 __ —
Ao = vaot —Vn— 1

3.2 Relative Neighborhood Graph (5 = 2)

For Relative Neighborhood Graph, the lower bound of
the spanning ratio is n —e. We review the example used
in [10], illustrated by Figure 2 (b).

Here, a = 60° — § and 8 = 60° + 2§. Notice that all
triangles are similar. Assume that v = ;E% Then in
triangle Ag_1 A Ar1+1, 1 <k <n—1, we have A1 A} =
YR A1 Ak = ApApgr =% Thus, Dg(Ag4y) =
A+ 2?2—11 7', When 7 is sufficiently close to 1, we
have D¢g(ApA;1) is sufficiently close to n — 1. Thus, the
spanning ratio of the Relative Neighborhood Graph is
sufficiently close to n — 1.

3.3 1>0>0 case

When g € [0,1], Eppstein [12] presents a fractal con-
struction that provides a non-constant lower bound on
the spanning ratio, and his result is summarized below:

Theorem 3 For any n = 5% +1, there exists a set of n
points in the plane whose [3-skeleton with B € (0,1] has
the spanning ratio Q(n®), where ¢ = logs ﬁ and

w=+/1-— 7052
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In this paper, we give a different construction that
achieves a better lower bound. Suppose that o =
arccos(/1 — %), and § = m — . Then for any n =
2k 41, let P(f3, k) be a path of 2F segment (defined along
our construction). Figure 3 illustrates our construction
of this f-skeleton for n points, which is described as
follows.

1. If £ = 1, construct a triangle AABC such that

ZABC = LACB = % so ZBAC = ™. Then

P(3,1) is segments BAC’. Call segment BC the
supporting segment of P(f3,1).

2. If k > 1, first construct P(3,1) = BAC. Then
construct two P(3, k—1), scale the supporting seg-
ments to length ||ABJ|, and align their supporting
segments to AB and BC respectively. Notice there
are two possible ways to place P(8, k—1), we should
choose the way such that P(3,k —1) lies inside the
triangle AABC.

(d)yn=2F+1

Figure 3: Constructing the (-skeleton with large span-
ning ratio for § € [0, 1].

Lemma 1 If /ZBAC > ”74'9, then P(f3,k) is a (-

skeleton of its points, where @ = 7w — arccos(y/1 — 5?).

PROOF. In order to show that P(3,k) is a S-skeleton,
we prove that for any pair of no-adjacent points u and
v, they do not belong to the [-skeleton. Obviously
there must exist some 7 < k such that u and v be-
long to the different copy of adjacent P(/3,1), assume
that A is the common point of these two copies, then
ZuAv > /DAFE = ”T*e -2 "T’a = 60, which finishes our
proof. Notice that the (-skeleton is still a connected
graph. Thus, all line segments constructed belong to
(B-skeleton.

Obviously, if the two end points are normalized to
1, the spanning ratio is the total length of segments in

P(3,k).

Theorem 4 For any [ € [0,1], there exists a (-
skeleton of n = 2F +1 points such that its spanning ratio

is Q(n — 1)z~ 2 los2 (14 MH) ), where py = /1 — 32.

Table 1: Lower and upper bounds for spanning ratio
of (-skeletons. Here the constants used are ¢; = 1 —

logs (3 4+ v2+211), c2 = 5 — 3 logy(1 4 p1), c3 = 5 —

%logQ(l + ’“TH), and ¢y = 1 — llOgQ(/},g +1). And
p=+/1—p? and pp = (2 - B)/B.
/66(071) p=1 ﬁ€(1a2) p=2
OldLower | Q(n°) Q(y/n) Q(v/n) Q(n)
OldUpper | O(n°) O(v/n) O(n) O(n)
OurLower | Q(n®) Vn — 1 Q(y/n) n—1
OurUpper | O(n®) | v/n— O(n) n—1

This theorem can be enhanced such that we can con-
struct examples for any integer n, but with a small con-
stant degradation of the spanning ratio. For Gabriel
Graph, from previous result by Eppstein [12], we get a
spanning ratio of £2(n¢) for 0.077 < ¢ < 0.078, and ap-
plying Theorem 4, we get a spanning ratio of (n°?) for
0.114 < ¢ < 0.115, which is bigger than previous lower
bound, but is still much smaller than the tight bound
O(n2). In general, for 8 € [0,1], our lower bound is
always better than the previous one, which is discussed
in the full version of the paper.

4 Conclusion

We studied the spanning ratio of (-skeletons with g €
[0,2]. This class of proximity graphs includes the
Gabriel graph and the Relative Neighborhood Graph.
Table 1 summarizes our results compared with the pre-
viously best known results. For § > 2, (-skeletons are
not guaranteed to be connected. Thus, the spanning
ratio leaps to infinity.

Several open problems remain for investigation. It
would be interesting to close the gap between our lower
bound and the upper bound for 5 € (0,1) and § € (1, 2).
We conjecture that our lower bound for 5 € (0,1) is
already tight.
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5 Appendix

In subsection 2.3, we show that the (-skeletons, g €
[1,2], have spanning ratio at most (n — 1)7, where v =
max{l — 5 logy(u2 + 1), g(p2)}, p2 = (2 B)/B € (0, 1].
We then show that 1 — Jlogy(p2 + 1) > g(u2).

Let f(z) = (ué/m + 1)2%. For any ps € [0,1], it is
easy to verify that both ué/w +1 and @®**(a > 1) are
increasing on [0, 1], here a is a fixed constant. Thus,
f(z) increases over [0,1]. With f(0) = 1 < 14 po

1
and f(1) = (1 4+ po)? > 1+ po, the equation (ug™? +
1)29(#2) = 1 + py has exactly one solution g(ug) over
[0,1]. In fact, any solution to the inequality below is an

1
upper bound (pg™? +1)29042) > 1 4 py.
Now we compare the the value of 1 — £ log,(pz + 1)
and g(p2), which is equivalent to compare the value of
1

f(Mz) _ ('uzl—%logz(l-%—uz) + 1)2—log2(1+u2) and 1+ Lo for
o € [0,1]. Figure 4(a) shows that f(u2) > 1+ o,

which means for po € [0,1] v = max{1 — 1 log, (s +
1),9(u2)} =1 — Llogy(pa + 1). See full version of the
paper for arithmetic proof.
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(a) g(p2) is unnecessary.  (b) lower bounds for 3 € [0, 1].

Figure 4: (a) The upper bound for § € [1,2] can be
simplified. (b) Our lower bound for § € [0,1] is strictly
better than previous result.



