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Abstract

Let G = (V, E) be an edge-weighted graph, and let w(H) denote the
sum of the weights of the edges in a subgraph H of G. Given a positive
integer k, the balanced tree partitioning problem requires to cover all
vertices in V' by a set T of k trees of the graph so that the ratio o of
maxre7 w(T) to w(T™)/k is minimized, where T" denotes a minimum
spanning tree of G. The problem has been used as a core analysis in
designing approximation algorithms for several types of graph partitioning
problems over metric spaces, and the performance guarantees depend on
the ratio « of the corresponding balanced tree partitioning problems. It is
known that the best possible value of « is 2 for the general metric space.
In this paper, we study the problem in the d-dimensional Euclidean space
R?, and break the bound 2 on «, showing that o < 2/3 — 3/2 = 1.964
for d > 3 and @ < (13 + v/109)/12 = 1.953 for d = 2. These new
results enable us to directly improve the performance guarantees of several
existing approximation algorithms for graph partitioning problems if the
metric space is an Euclidean space.
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1 Introduction

Let G = (V, E) be a simple undirected graph with vertex set V' and edge set
FE such that edges are weighted by nonnegative reals, and let p be a specified
positive integer. Then the minmax subtree cover problem requires to find a set
of p trees covering all the vertices such that the maximum weight of a tree in the
set is minimized. This problem arises in various types of practical applications,
such as multi-vehicle scheduling problem [0, [8, [@] 0], task sequencing problem
[4], and political districting [3,[7]. The minmax subtree cover problem on graphs
can be described formally as follows, where R™ denotes the set of nonnegative
reals.

Minmax Subtree Cover Problem (MSC):

Input: An undirected graph G = (V, E), an edge weight function w : £ — R,
and a positive integer p.

Feasible solution: A partition & = {51,52,...,5,} of V and a set T =
{T1,T5,...,Tp} of p trees of G such that S; C V(T;), 1 =1,2,...,p.

Goal: Minimize max <;<p w(T}), where w(T}) =} c p(p,) w(e).

A tree cover T of a graph G = (V, E) is defined by a set of trees of G such
that the union of vertices of the trees in T contains V. That is, the MSC
requires to find a tree cover with p trees that minimizes the maximum weight
of a tree in the tree cover, where the weight of a tree is the sum of the weights
of all edges in the tree. Trees in a tree cover are not necessarily vertex-disjoint
or edge-disjoint.

The MSC is known to be NP-hard even if p = 2 and G is a tree, or if G
can be embedded in the Euclidean space [I1 [5], and thus several approximation
algorithms for the problem have been proposed in the literatures. Andersson
et al. [II] provided a (2 + €)-approximation algorithm for the MSC when G
can be embedded in the Euclidean space, where ¢ is a sufficiently small posi-
tive real number, and Nagamochi and Kawada [I3] presented a (4 —4/(p+ 1))-
approximation algorithm for the problem when the given graph is a cactus. Even
et al. [6] presented a 4-approximation algorithm for the MSC with an arbitrary
graph GG. The MSC on a tree-like structure graphs has also been studied ex-
tensively. Averbakh and Berman [2] presented a (2 — 2/(p + 1))-approximation
algorithm with time complexity O(pP~!'nP~1), and afterward Nagamochi and
Okada [14] gave a polynomial time approximation algorithm with the same ap-
proximation factor which runs in O(p?n) time, where n is the number of vertices
in the tree. In an extension of the problem, a set of vertices to be covered is
given as a subset S C V of vertices and nonnegative weights to handle vertices
in S are also introduced in the tree weight. For this problem, Nagamochi and
Okada [15] proposed a (2 — 2/(p + 1))-approximation algorithm that runs in
O((p—1)'n).

For a rooted version of the MSC, a graph G = (V,E) with a set R of
prescribed vertices is given and a tree cover is required to consist of trees each of
which is rooted at a vertex in R. In [6], a 4-approximation algorithm is proposed
for an arbitrary graph G under an additional condition that all trees T are
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required to be rooted at distinct vertices in R. Nagamochi [I2] proposed a (3 —
2/(p+1))-approximation algorithm to the problem with |R| = 1. For the rooted
version of the MSC on a tree, Averbakh and Berman [I] presented a linear time
4/3-approximation algorithm for the problem with p = 2, and Nagamochi and
Okada [14} [16] gave an O(nloglog; ./, 3) time (2+¢)-approximation algorithms
for arbitrary p, where € > 0 is a prescribed constant.

Some of the above approximation algorithms for the MSC include a proce-
dure for partitioning a minimum spanning tree T of a given graph into k trees
of the graph as uniformly as possible, and their performance analysis relies on
the fact that w(T*)/k is a lower bound on the maximum weight of a tree in any
such partition. Thus the ratio a of the maximum weight of a tree to w(T™*)/k
appears as a factor of their performance guarantees. Motivated by the impor-
tance of the analysis on tree covers, we consider the balanced tree partitioning
problem in this paper. For a given positive integer k, the problem requires to
find a tree cover T = {T1,T5,..., T} with k trees of the graph that minimizes
the ratio of max<;< w(7T;) to w(T™)/k, where T* denotes a minimum spanning
tree of G. Note that a tree T; in a tree cover is allowed to contain an edge not
in T%. In particular, we analyze an upper bound on the factor « such that

*
1rglagka(ﬂ) <a-w(T")/k.

For any metric, it is known that o < 2 holds [T}, 2]. We here remark that
a < 2 is best possible for the general metric. Consider a metric graph G =
(V, E) consisting of a star S on k + 2 vertices V' = {s,v1,..., 0541} such that
E(S)={(s,v)|i=1,2,...,k+1}, where each edge in S is weighted by 1 and
each of the remaining edges in G is weighted by 2. Clearly, S is the minimum
spanning tree of G with weight w(S) = k4 1. On the other hand, the maximum
weight of any k trees of G is at least 2, since one of the trees must contain
two leaves of S. Hence « is at least 2/(1 4+ 1/k), which is nearly 2 when k is
sufficiently large.

In this paper, we prove that there are better upper bounds on « in the
Euclidean space. The following two results are the main contribution of the
paper.

Theorem 1 For a set V of n points in the Euclidean space R? and a positive
integer k, there exists a tree cover Ty, Ty, ..., T, of V such that

maxlgigk U)(TZ)

otk < (134 V109)/12=1.953,

where T* is a minimum weight tree spanning V. Furthermore, such a tree cover
can be obtained in polynomial time. O

Theorem 2 For a set V of n points in the Buclidean space R? (d > 3) and a
positive integer k, there exists a tree cover Ty, Ty, ..., Ty of V such that

maxlgigk ’LU(’Tl)

ok S 2V/3 — 3/2 = 1.964,
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where T™ is a minimum weight tree spanning V. Furthermore, such a tree cover
can be obtained in polynomial time. O

These new results enable us to directly improve the performance guarantees
of several existing approximation algorithms for graph partitioning problems
if the metric space is a Euclidean space R?. For example, the performance
guarantee on the MSC due to Andersson et al. [I1] is given as o+ &, which is at
most 1.965+¢ for d > 3 and 1.954+¢ for d = 2. Also the performance guarantees
on the rooted and unrooted versions of the MSC due to Even et al. [6] are 24«
and 2aq, respectively. Thus, our results imply that the unrooted versions of the
MSC is 3.929-approximable in R¢ with d > 3 and 3.907-approximable in R2.

The paper is organized as follows. Section [2] introduces terminologies and
definitions on graphs. Section [3] gives a framework of an approximation algo-
rithm to the balanced tree partitioning problem, from which Theorems [1| and
2] follow directly. Sections [ 5] and [f] give detailed proofs of some tree cover
results based on which we build our algorithm in Section [3] Section [7] makes
some concluding remarks.

2 Preliminaries

Throughout this paper a graph stands for a simple undirected graph unless
otherwise stated.

For a set Z, a set {Z1,Z,...,Z;} of pairwise disjoint non-empty subsets of
7 is called a partition of Z if UY_,Z; = Z.

A singleton set {x} may be denoted by . Let G be a graph. The vertex and
edge sets of G are denoted by V(G) and E(G), respectively. A graph G with a
vertex set V and an edge set E is denoted by (V, E). Let G; and G2 be subgraphs
of G. We let G1 + G5 denote the graph (V(G1) UV (Gs), E(G1) U E(G3)). For
an edge e = (u,v) € E(G), we denote by G1 + u (resp., G1 + e) the subgraph
G1+ ({u},0) (resp., G1 + ({u,v},{e})) of G.

For a subset X C V(G), let G[X] denote the subgraph induced from G by
X. and G — X denote the subgraph obtained from G by removing the vertices
in X together with all edges incident to a vertex in X. The degree of u, i.e., the
number of edges incident to vertex u € V(G), is denoted by deg(u).

For a graph G and an edge weight w : E(G) — R, the weight w(G’) of a
subgraph G' of G is defined by } . ¢y w(e). For a set S of subgraphs of G, let
w(S) denote ) g w(G'). The weight w(e) of edge e = (u,v) may be denoted
by w(u,v). An edge-weighted graph (G, w) is a metric if it satisfies the triangle
inequality, i.e., w(z,y) + w(y,z) > w(x,z) holds for all vertices z,y,z € V.
An edge-weighted graph (G, w) in the Euclidean space R? is a complete graph
whose vertex set is defined by a set V' of points in the space, where the edge
weight w(u,v), u,v € V is defined by the Euclidean distance between the two
points u and v. The line segment between points v and v in the Euclidean space
R? is denoted by uwv and its weight by ww.
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Let T be a rooted tree. The set of children of a vertex v is denoted by
Ch(v), and the set of descendants of a vertex v is denoted by D(v), where D(v)
includes v. Let D(S) = UyesD(v) for a subset S C V(T'). A non-root vertex of
degree 1 is called a leaf in T. The subtree T, rooted at a vertex v € V(T) is the
subtree of T' induced by the descendants of v. An edge e = (u,v) € E(T'), where
v € Ch(u), is called the parent edge of v and a child edge of u, and the subtree
T, rooted at e is defined by T, + e. The parent edge of a vertex v is denoted by
e(v). A branch of a vertex u is defined as the subtree T, rooted at a child edge
e of u, and B(u) denotes the set of all branches of u. We may mean by a subset
S C B(u) the subtree that consists of all branches in S and denote by V(S) and
E(S) the vertex and edge sets of the subtree S, respectively, unless confusion
arises.

For a real number g > 0, we define a 3-boundary vertex of T' as a non-root
vertex v such that

w(Te(yy) > B for its parent edge e(v),
and no proper descendant of v has this property, i.e.,
w(Te) < B for every child edge e’ of v (if any).

For a subtree 7" of T', let V3(T") denote the set of all S-boundary vertices in 1",
where the root ' of T” is chosen as the vertex closest to the root r of T'. Note
that, for two distinct S-boundary vertices u,v € Vg(TI"), none of u and v is a
descendent or an ancestor of the other in 77. Also, v’ ¢ V3(T") by definition.
We observe the next property.

Lemma 1 Let T, be a branch of a vertex u and 8 be a positive real number .
(i) V5(T.) # 0 if and only if w(T.) > B.
(i) If V3(T.) # 0, then Vo (Te) # 0 for any v € (0, 3].

Proof: (i) The only-if part is obvious. We show the if part. Choose a vertex
v € V(T.)—u closest to u such that v is a leaf or w(S) < B8 holds for all S € B(v).
For the parent edge e(v) of v, we have w(T¢(,)) > 8. Then v is a S-boundary
vertex in Te, and V3(T.) # 0 holds.

(ii) For any real number v € (0,3], w(T.) > S > ~ > 0 holds. Then
V,y(T.) # 0 holds by (i). O

3 Approximation Algorithm

To prove Theoremsand we assume without loss of generality that w(T*) = k
throughout the paper for a minimum spanning tree T7*. We design an approxi-
mation algorithm to the balanced tree partitioning problem to derive the upper
bounds Theorems [ and 2] In this section, we first give a framework of the
approximation algorithm. The algorithm computes a set of at most k trees of



350 S. Karakawa, E. Morsy, and H. Nagamochi Minmaz Tree Cover in the
Fuclidean Space

G that cover the vertex set of T* by repeatedly applying three main theorems
on tree partition, where the proofs of such theorems will be given in the three
subsequent sections.

We first introduce the following basic definitions.

For a specified real number a > 3/2 and a 1-boundary vertex u € Vi(T) in
a rooted tree T', we define a canonical partition {L(u), M(u), H(u)} of B(u) by

L(u)={SeBu) |0<w(S)<2-a},
Hw)=4{S e Bu) |a—1<w(S) <1},
Mu)={SeBu) |2—a<w(S) <a-1}.

Definition 3 Let T be a tree in a graph G, and let o € [1,2] be a real number.
A family of h subsets S1,Sa,...,S, C V(T) is admissible (or h-admissible) in
T if there are trees Ts,,Ts,,...,Ts, of G (which are not necessarily subtrees of
T) such that

(i) For each S;, S; CV(Ts,) and w(Ts,) < a.

(i) IFV(T)=Uicicn Si # 0, then T =T =, ;<) Si remains connected and
w(T) —w(T") > h holds.

(iti) If V(T) = Uy<i<p Sis then [w(T)] = h holds.
We call a set of such subtrees Ts,, © =1,2,...,h, an h-admissible forest.

To prove Theorems [I] and [2] where the weight of a minimum spanning tree
T* of G is assumed to be k, it suffices to show that a minimum spanning tree
T = T* has a k-admissible family of subsets S1, S2,...,S5; C V(G) = V(T) for
a = (13 4+ +v/109)/12 and o = 2v/3 — 3/2, respectively, and such a a family is
polynomially computable.

Lemma 2 Let T be a tree with w(T) > 0 and a € [1,2] be a specified real
number.

i) For a p-admissible family {S1,52,...,5,} in T and a q-admissible family
p
{51,55,..., 54} m T =T — .Ul_SiSP.Si’ their union {S1,S2,...,Sp} U
{81,855, ...,8,} is (p + q)-admissible in T.

(ii) For a non-root vertex v € V(T) with w(T,) < o and w(Tey) > 1, D(v)
s 1-admissible in T.

(iii) For a vertexu € V(T) and a subset C1 C Ch(u) with1 < 37 o w(Te) <
a, S1 = D(C) is 1-admissible in T.

(iv) If w(T) < 3a/2, then there is an h-admissible family {S; | i = 1,...,h}
(h < 2) i T such that V(T) = Ulgighsi-
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Proof: (i) From Definition |3 i), there are trees T, , ..., Ts, (resp., TS{’ e ’TSQ)
of G such that, for each S; (resp., S}), w(Ts,) < a (resp., w(Ts/) < ). AlbO
Definition 3(ii) implies that 7" — |, <,<, S; is connected and w(7') —w(1") >
holds. Finally, i V(T) = (Uy i 90 (Uy<pey 80, then [u(T)] = [u(T)
w(T") +w(T')] = [p+w(T)] = p+ [w(T")] = p+ q holds (since [w(T")] = q).
This proves (i).

Conditions (ii)-(iii) follow immediately from Definition

(iv) If w(T) < a, then we see that {S; = V(T)} is admissible in 7" and
Ts, =T is a 1-admissible tree.

Assume that o < w(T') < 3a/2. Regard T as a tree rooted at a vertex r
with deg(r) = 1. For 8 = w(T) — a(> 0), V3(T) # 0 by Lemma [Ifi). Choose a
B-boundary vertex u € V3(T) (note that u # r). We distinguish two cases, (1)
w(Ty) < B and (2) w(T,) > B.

(1) w(Ty) < B. We show that {S; = D(u),S2 = V(T) — S1} is admissible. Let
Ts, =T, and Tg, :==T — V(T,,). Clearly

w(Tg,) =w(l,) <f=wT)-a<3a/2—-a<a.

By the definition of a -boundary vertex and u € V3(T), w(Te(y)) > B holds.
Then we have

w(Ts,) = w(T) — w(Tywy) <w(T) - = a.

Hence {Ts,,Ts,} is a 2-admissible forest, as required.

(2) w(Ty) > B. Choose a minimal subset S C B(u) such that w(S) > f holds.
We show that {S; = V(S) — {u}, Se = V(T') — S1} is admissible. Let Tg, := S
and Ts, :=T — S1. By u € V3(T), the weight of every branch of u is less than
B. Hence the minimality of S implies that

B<w(Ts,) =w(S) <B+=2(w(T)—a) <23a/2—a)=a.
On the other hand, by w(S) > 3, we have

w(Ts,) = w(T) - w(S) < w(T) - B = a

Hence {Ts,,Ts,} is a 2-admissible forest, as required. O

We consider whether a 1-boundary vertex w in a tree satisfies the following
condition.

Definition 4 For a real number a > 3/2, a 1-boundary vertex v € V1(T') in a
rooted tree T is called inactive if it satisfies the following condition A, and is
called active otherwise.

Condition A:

(i) w(Bw) > «, (i) [H(uw)| >2, (ii) M(u) =0, and (iv) w(L(u)) <2—a.

We use the following results, which will be verified in Sections [ [5] and [6]
respectively.
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Theorem 5 Let T be a tree rooted at a vertex r with deg(r) = 1, and let
a € 15/3,2] be a real number. Assume that w(T') > 3a/2 and there is an active
1-boundary vertex in Vi(T). Then there is an admissible family S in T such
that the tree T = T — |Jgeg S has no active 1-boundary vertices in Vi(T").
Moreover, if T' # 0, w(T") = 0, and w(T[SU{r}]) > « for all S € S, then
SUV(T") is an admissible family in T.

Theorem 6 Let T be a tree in the Euclidean space R? (d > 3), and let a =
2v/3 — 3/2. Assume that T is rooted at a vertex r with deg(r) = 1. If w(T) >
3a/2 and every 1-boundary vertex w € V1(T) is inactive, then there is an ad-
missible family S in T. Moreover, for T' =T — Uges S, if T" # 0, w(T") = 0,
and w(T[SU{r}]) >« for all S € S, then SUV(T") is an admissible family in
T.

Theorem 7 Let T be a tree in the Euclidean space R? (d = 2), and let a =
(13 + v/109)/12. Assume that T is rooted at a vertex v with deg(r) = 1. If
w(T) > 3a/2 and every I1-boundary vertex u € Vi(T) is inactive, then there
is an admissible family S in T. Moreover, for T' = T — Jges S, if T' # 0,
w(T") =0, and w(T[SU{r}]) > a for all S € S, then SUV(T") is an admissible
family in T.

Now we are ready to present the approximation algorithm. We are given
a spanning tree T' of a graph G in the Euclidean space and a positive integer
k. The algorithm repeats the following procedure on the current tree T" as long
as w(T') > 3a/2 holds. Depending on the properties of the current tree T, we
first apply one of the above theorems to find an admissible family S in 7" and
then remove S from the current tree T'. Finally, depending on the nature of the
current tree T, we construct the desired admissible family in the given spanning
tree. The algorithm is described as follows.

Algorithm TREECOVER
Input: A spanning tree 7™ of a graph G in the Euclidean space
R? (d > 2), where w(T*) = k for an integer k > 1.
Output: A k-admissible family S* for o = (13 ++/109)/12 (d = 2) and
a=2v3-3/2(d>3).
1 Let T :=T* regarding T as a tree rooted at a vertex r with deg(r) = 1,
and S* := (J;
while w(T) > 3a/2 do
if T has an active 1-boundary vertex then
Find an admissible family S in 7" by Theorem
Let S*:=S*US; T :=T - Uges S
end; /* if */
/* the current tree T has no active 1-boundary vertex */
7  Find an admissible family S in T by Theorem |§| (if d > 3)
and Theorem [7| (if d = 2);
8 S§":=8UST:=T—UgesS
end; /* while */

ST W N

NeJ
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/¥ w(T) < 3a/2 %/
10 if w(T) > 0 then
11 Find an admissible family S = {S; | i =1,2,...,h} (h < 2) by
Lemma iv);
12 §*:=8*US
13 end; /* if */
14 if T # 0 and w(T) = 0 then /* V(T) = {r} in the Euclidean space */
15 Let S be the last admissible family computed in the while loop;
16 if w(T*[SU{r}]) < a for some S € S then
17 S:=8SU{r}; Ts:=T*[SU{r}]
18 else /* w(T*[SU{r}]) > « for all S € S holds */
19 S'={r};Ts :=T; S*:=S*U{5'}
20 end /*if */
21 end. /*if */

Theorem 8 Algorithm TREECOVER delivers a k-admissible family S*™ in T*
such that Ugeg. S = V(T™).

Proof: In each iteration of the while-loop, at least one of Theorems [f [6] and
is applied to find an admissible family S in the current tree T. After the
last iteration of the while-loop, we have w(T) < 3a/2. Assume that T' = @) or
w(T) > 0 holds for the remaining tree T after line 9. Then Lemma [(iv) can be
applied to find another admissible family S for T if w(T) > 0. By Lemma [2[i),
the union of all resulting admissible families gives a desired admissible family S*
in T*. By the definition of admissible family, the admissible family $* contains
at most k subsets since w(T™*) = k.

Next assume that T # () and w(7T) = 0 for the remaining tree T after line 9.
Then T = ({r},0) since otherwise w(T") would be positive in the Euclidean
space. Let S be the last admissible family computed in the while loop. Now, if
w(T*[S U{r}]) < a holds for some S € S, then the new subset S := S U {r}
computed in line 17 is an admissible set. Again by Lemma i), the union of
all resulting admissible families gives a desired admissible family S* in 7™, and
the admissible family S* contains at most k subsets since w(T™*) = k.

Assume that w(T*[S U {r}]) > a for all S € S. Hence, by Theorems [5] [6]
and |7} S U {5’} is an admissible set for the subset S’ computed in line 19.
Therefore, by Lemma i), the union of all resulting admissible families gives a
desired admissible family in 7%, and the admissible family S$* contains at most
k subsets since w(T™*) = k. This completes the proof. O

4 Proof of Theorem [5

This section is devoted to present a proof of Theorem [5| which holds for any
a € [5/3,2].

For a non-root vertex w in a rooted tree T, a partition {S1,Ss,...,Sp,
LM, H} of B(u) is called valid if 1 < w(S;) < a, i = 1,2,...,p, L C L(u),
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M C M(u), and H C H(u). Note that, by Lemma [[iii), S; = V(S;) — {u} in
a valid partition forms an admissible family with a 1-admissible tree S;.

Lemma 3 Let u € Vi(T) be a I-boundary vertex in a rooted tree T. Then
there exists a valid partition {S1, 82, ..., Sp, L, M, H} of B(u) that satisfies the
following (1)-(ii), where B= LU MUH.

(i) If H#0D, then M =0 and w(L) < 2 — « hold.
(i) w(B) < 1 holds if and only if |[H| <1 holds.
Proof: We first partition £(u) into M7, M5, ..., M, and L’ so that
wl)<2—a and 2—a<wM)<a-1,i=1,2,...,q.

Since o > 5/3 and w(L) < 2 — « for all L € L(u), such a partition can be
obtained by constructing {M}} adding branches in £(u) one by one until the
weight of the remaining branches becomes less than 2 — a. We now treat each
M. as a single subtree M. Let H(u) = {H1, Hs,...,Hy} and M(u) U {M] |
i=1,2,...,q} = {My,M>,...,My,,}. Note that any pair {H;, M;} gives an
1-admissible tree since w(H; + M;) > (o —1) + (2 —a) =1 and w(H; + M;) <
1+ (a—1) =« hold.

(a) h > m. In this case, we construct m sets of branches, S; = {H;, M;},
i=1,2,...,m. If h>mand w(L") +w(Hp41) > 1, then we construct S,,+1 =
L'U{Hpi1}, lettingp=m+1, L:=M:=0,and H := {H; | i =m+2,...,h}.
Otherwise, let p=m, L:=L' M :=0,and H:={H; |i=m+1,...,h}.

(b) h < m. In this case, we first construct h sets of branches, S; = {H;, M, },
i=1,2,..., h. We then partition the set B’ = B(u) — U1<;<»S; into subsets S,
j=h+1,h+2,...,pand B so that

w(B) <1 and each S; is a minimal subset with w(S;) > 1.

Such a partition can be obtained by repeatedly choosing such a minimal subset
S; from B’ until the weight of the remaining branches becomes less than 1.
Since w(B) < a—1for all B € B/, we see that 1 < w(S;) <1l+a—1=q,ie,
S; is l-admissible. Let £ := BN L(u), M := BN M(u), and H := 0.

Next we prove that properties (i) and (ii) hold in both cases (a) and (b).

(i) If H # 0, then £, M, and H are constructed in case (a) and thereby
M =0 and w(L) < 2 — « hold.

(ii) By construction, w(B) < 1 holds if and only if w(B) = w(H) +w(L) < 1
holds in (a) or w(B) = w(M) + w(L) < 1 holds in (b). Since w(H) > o — 1(>
1/2) holds for every H € H, we obtain |#H| < 1. O

Given a rooted tree T, the following algorithm converts 7" into another tree
T’ in which all 1-boundary vertices are inactive. Such a tree T’ is constructed
by applying a procedure that first chooses an active vertex u € V4(T') in the
current tree T, computes a valid partition {S1,Ss,...,Sp, £, M, H} of B(u)
by Lemma |3 and then removes the admissible family {S1,Ss,...,S,} (if any)



JGAA, 15(3) 345-371 (2011) 355

from T. We observe that if u is a 1-boundary vertex in the resulting tree T
(ie., w(T7,,)) = 1), then either (i) u is inactive if w(T}) = w(B) > a, or (i)
w(T)) = w(B) < a and w(Te’(u)) > 1 otherwise, where B = LUM UH. In
the latter case, Drv(u) is an admissible set by Lemma [2(ii). In other words,
the above procedure makes an active 1-boundary vertex inactive or creates an
admissible set.

Algorithm REMOVEACTIVE

Input: A tree T rooted at a vertex r with deg(r) = 1.

Output: An admissible family S in 7" such that 7" =T — | Jg. 5 S has
no active 1-boundary vertices in V3 (1”).

1 & :=0; Let V4 be the set of all inactive 1-boundary vertices in V; (T');
2 while Vi (T) — V4 # () do
3 Choose a 1-boundary vertex u € Vi(T) — Va;
4 Find a valid partition {S1,Sa,...,Sp, £, M, H} of B(u) in Lemma
5 Let S:=SU{V(S;)—{u}|i=1,2,....p} T:=T—(V(S)—{u});
/* T, =B=LUMUH holds */
6  ifw(Tew)) >1 (e, ue Vi(T)) then
7 if w(T,) = w(B) > a then
/¥ H| > 2, M=0and w(L) <2 —a by Lemma*/
8 Va4 :=Va4U{u} /* u is inactive in the current T */
9 else /* w(T,) = w(B) < a and w(T ) > 1%/
10 S=SU{V(T)} T :=T—V(T,)

11 end /*if */

12 end /*if */

13 end; /* while */

14 /* Vi(T) = V4 holds */
15 Return S and 77 :=T.

Lemma 4 Given a rooted tree T', REMOVEACTIVE outputs an admissible family
S and a tree T' such that all vertices in Vi(T") are inactive.

Proof: Note that REMOVEACTIVE terminates when Vi (7") = V4 holds. Con-
sider the case where a 1-boundary vertex v € Vi(T) in the current tree T is
added to V4 during the execution of REMOVEACTIVE. We see that this u
satisfies Condition A, since condition A(i) holds by w(T,) = w(B) > «, and
this implies condition A(ii) |H(u)| > 2, condition A(iii) M(u) = @, and con-
dition A(iv) w(L(u)) < 2 — & by Lemma [3| By the definition of 1-boundary
vertices, no ancestor of a vertex in V4 will be chosen in line 3. Thus any vertex
in V4 remains to be a 1-boundary vertex upon completion of REMOVEACTIVE.
This proves the lemma. O

Lemma 5 For the admissible family S and the tree T’ output from REMOVE-
AcTive, if TV # 0, w(T’) = 0, and w(T[SU{r}]) > a for all S € S, then
SUV(T") is an admissible family in T.

Proof: Let Ty denote the tree input to REMOVEACTIVE. Assume that T7 # (),
w(T") =0, and w(T[SU{r}]) > aforall S € S. Note that 7" # ) and w(T") = 0
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imply that 77 = ({r},?) in the Euclidean space. Moreover, 77 = ({r}, ) is
obtained in lines 9-10, where applied to a subtree T, for a 1-boundary vertex u
incident to r. Clearly w(T,) < a and w(T") = 0 < a.. Note that S — {V(Ty)}
is also an admissible family in 7" by Lemma (3| Hence there are trees T with
S CV(Ts) and w(Ts) < aforall S €S —{V(Ty)}, and the subtree TV (T,) U
{r}] = To — Uses—{v(1.)}S satisfies w(Ty) — w(T[V(T,) U {r}]) > |S| — 1. By
the assumption on the lemma, w(T'[V (T, )U{r}]) > a > 1 holds. Hence we have
w(Ty) > IS| — 1+ w(T[V(T,) U {r}]) > 5], and thereby [w(Tp)] > || + 1 =
|SU{V(T")}|. Then we conclude that S U {V(T")} is an admissible family in
T. This proves the lemma. O

Theorem [ follows from Lemmas [ and [

5 Proof of Theorem

This section gives a proof of Theorem@ For this, we assume that o = 2¢/3—3 /2
throughout this section.

For a rooted tree T, consider a branch T, of a vertex u in T such that
200 =3 < w(T,) < 1 and Tyr,y > 1. We denote by H*(T') the set of such
branches T, in T

Lemma 6 Let T be a rooted tree which has no active 1-boundary vertices in
Vi(T). Then every 2-boundary vertex z € Va(T) satisfies the following condition.
Condition B:
(1) [H(T,)] > 2, (i) [H(uw)|] =2 for allw € V1(T,), (i) w(z,u) < 2 — « for
all v € Vi(T%).

Proof: Let z be an arbitrary 2-boundary vertex z € Va(T).

Tree T, contains a vertex u that is a 1-boundary vertex in T. If Vi (T,) # 0,
then this is true; otherwise (V1 (T%) = () z is a 1-boundary vertex in T'. Let u be a
1-boundary vertex u € V4 (T)NV(T,). Then |H(u)| > 2 holds by condition A(ii),
and u has two branches T, and T, with w(T.),w(Ty) € (a —1,1) C (2o —3,1)
by a < 2. We see that T.,T., € H*(T,) since u is a 1-boundary vertex and
w(Te(yy) > 1 holds. Hence |H*(T.)| > 2 holds, proving B(i).

By Condition A(ii), |H(u)| > 2 holds for all 1-boundary vertices u € V1 (T,) C
Vi(T). If |H(w)| > 3 for some u € V4(T}), then we would have

w(Ty) >3(a—1)>2

since o > 5/3, contradicting that z € Vo(T). Hence |H(u)| = 2 holds for all
u € Vi(T}), i.e., B(ii) holds.

Finally, we prove B(iii). Let T, € B(z) satisty u € Vi(T¢), and Pr(z,u) be
the path between z and u along T'. Since T, is a branch of a 2-boundary vertex
z of T, w(T,) < 2 holds. On the other hand, by condition A(i), w(T,) > «
holds. Therefore we have

w(Pr(z,u)) <w(T,) —w(T,) <2—a.
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Since (G, w) is a metric, we have w(z,u) < w(Pr(z,u)) < 2 — a. O

Note that, for any 7" € H*(T,) with a root 7/, the root 7' must be z or a
I-boundary vertex in Vi(7%) since w(7T,(+)) > 1 must hold by the maximality
of T".

We distinguish two cases; (i) |H*(T:)| = 2 and (ii) |[H*(T%)| > 3. In case
(i), we find a 2-admissible family in 7,. In case (ii), we find a 1-admissible
family {S}, where the corresponding 1-admissible tree T will be constructed
by introducing an edge which is not in tree T'.

5.1 Case of |H*(T.)| =2
We first consider the case where |H*(T},)| = 2.

Figure 1: Illustration of Lemmal7] where (a), (b), and (c) represent (i), (ii), and
(iii), respectively.

Lemma 7 Let T be a rooted tree which has no active 1-boundary vertex, and
let z € Vo(T) satisfy |H*(T,)| = 2. Then |Vi(T)NV(T,)| = 1. Furthermore, for
H*(T,) = {T1,T>}, one of the following holds:

(i) IfVi(T)NV(T,) = {z} holds, then Sy :=V(T1) and Sy := V(T,)—S;1 give
a 2-admissible family in T' (see Fig. [[|a)).

(ii) If Vi(T) NV (T,) = {u}, u # z, and w(T,) < 2 hold, then Sy := V(T})
and Sy := V(T.)—S1 give a 2-admissible family in T (see Fig. [I{b)).
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(i) FN(T)NV(T,) ={u}, u# z, and w(T,) > 2 hold, then for any minimal
subset S C B(z)—{T.} satisfying w(T,) + w(S) > 2, S1 = V(T1) and
Sy == V(T,) UV(S)—(S1 U{z}) give a 2-admissible family in T, where
T. € B(z) satisfies u € V(T.) (see Fig. [Ifc)).

Proof: We first show that |Vi(T)NV(T,)| = 1. If z € Vi(T) N V(T.), then
no descendant of z is a 1-boundary vertex in 7' since w(Te(,)) < 1 for all v €
Ch(z), i.e., Vi(T) NV (T,) = {z}. Assume that z ¢ V1(T) N V(T,). Since
w(Te(z)) > 2 holds by z € Vo(T), a descendant u of z must be a 1-boundary
vertex in T (also in 7). Such a vertex u € V1 (T%) has two children v and v with
W(Te(vy), w(Te(wy) > a—1 > 2a — 3, since |H(u)| = 2 holds by Condition B(ii),
implying that w(Te(y)), w(Te(y) € H*(T2) (note that w(Te(y)), w(Te(yy) < 1 by
u € V1(T)). Therefore, by |H*(T,)| = 2, such a vertex u is unique. Hence one of
the following holds: (i) Vi(T) NV (T,) = {z}, (ii) Vi(T) NV (T,) = {u}, u # =z,
and w(Ty) < 2, and (iii) Vi(T) N V(T3) = {u}, u # 2z, and w(T,) > 2.

(i) Since z € Vi(T), by Condition A(iii)-(iv), we have a partition B(z) =
{T1, T2} U L(z). Then Ts, := Ty and Tg, := T[Se U {z}] satisfy

w(Ts,) =w(Ty) <1,
w(Ts,) =w(Te)+w(l(z)) <1+ 2—-—a)=3—-—a<a.

Furthermore, for 77 := T — (51 U S2), w(T) — w(T") > 2 holds by z € Va(T).
This implies that {57, S2} is 2-admissible.

(ii) Note that u € V1(T7) is unique and H(u) N H*(T,) = {T1, T2} holds by
Condition B(ii). Then Ts, := T1 and Ts, := T[S2 U {u}] satisfy

w(TSI) =
U)(T52)

(Tl) < 17

w(T,) —w(T)<2—(a—1)=3—-a<a.

Since z € Va(T) holds, we have w(T) — w(T") > 2 for T" := T — (S1 U S2).
Therefore {57, 52} is 2-admissible.

(iii) Since w(Ty) = w(Te)+w(B(z)—{T})
S C B(z)—{T.} such that w(T,) + w(S) > 2

implies

2, there exists a minimal subset

>
holds. Then the minimality of S

2<w(T,)+w(S) <2+ (2a—3) =2a—1,

because for every B € S, w(B) < 2a — 3 holds. Since H(u) = {T1,T2} holds
(i.e., w(T1) > a — 1 holds), Ts, := Ty and Ts, := T[Sz U {u, z}| satisfy

w(Ts,) =w(Ty) <1,
w(Ts,) = w(Te) +w(S) — w(T1)
<2a-1)—(a—1)=q.

Furthermore, w(Ts, )+ w(Ts,) = w(T,)+w(S) > 2 holds, implying that {S1, S}
is 2-admissible. O
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5.2 Case of |H*(T,)| >3

We next consider the case where |H*(T,)| > 3. In this case, we construct a
1-admissible tree by introducing an edge not in the current tree 7.

The next lemma describes a property of the angle formed by two of three
line segments in the Euclidean space R¢.

Lemma 8 For vertices z,v1,v2, and vs, the minimum angle 6 formed by line
segments Z0; and Z05, 1 # j, 1,5 = 1,2,3, is no more than 120°.

Proof: Let v be the plane that contains three points vy, vs,v3. Without loss of
generality, we assume that z is on the origin 0. We distinguish two cases; (i) z
is also on the plane v, and (ii) z is not on the plane ~.

(i) The origin 0 is on . Then, obviously, three line segments (0, v1), (0, v2), (0, v3)
divide 360° to three and hence the minimum angle § formed by two of such seg-
ments is no more than 120°.

(ii) The origin 0 is not on . Let & be the projection of 0 to 7. We have the
following two situations.

(a) x is equal to one of the points vy, vy, v3; assume without loss of generality
that = vy. Since v; is the projection of 0 to v, the vector vy intersects vectors
v — v1 and vz — v1 orthogonally; i.e.,

vy - (v — 1) =v1 - (v3— 1) =0,

where u - v is the inner product of u,v € R?. From this, we obtain
V1 Vg = V1 V3 = V1 V] = ||v1||2.

Let ¢ be the angle formed by (0,v1) and (0,v3). Then we have

. 2
oo v _ Il o
Forleall =~ Torllleall ~ Joal

This implies that the minimum angle 6 is no more than 120°.

(b) z is not equal to vy, vy and vs. Let ¢ be the minimum angle formed by two
of (x,v1), (x,v2), (x,v3); assume without loss of generality that v is formed by
(z,v1) and (z,v2). Then ¢ < 120° holds by (i) since x, vy, v, v3 are on . Since
x is the projection to v, the vector = intersects vectors vy —x, vo —x and v3 —
orthogonally; i.e.,

x-(vy—2)=x-(ve—2x)=2-(v3—12)=0.
From this, we obtain
T-vy=x-vg=x-v3=1x-2= |z
Then we have

(x —v1) - (z—v9)

cosy =
[ = wvil[l — vell

1
> ——.
)
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Therefore, we conclude that

1
vi-vp 2 |2 = Slle = vz = v

Now, let ¢ be the angle formed by (0,v1) and (0,v3). Then ¢ satisfies

Ui [ ] [z —vi]lflz — va|
cosp = > -
lvoa([lfvall — flor[l{lv2]l 2w [[[va]l
Note that ||z —vi||? = (x — v1) - (x — v1) = ||v1]|? — ||z||* (since z - v = [|z]|?).

Therefore, || — v1]| < ||v1]| since ||z||, [|v1]|, |# — v1]] > 0. Similarly, we can
conclude that ||z — va|| < ||vz]|. Hence, we have

[ .
e — o>

CoS >
loallflozll 27 2

Therefore, we obtain ¢ < 120°.
This implies that the minimum angle € is no more than 120° in all situations.
O

For a descendent v of a vertex u in a rooted tree T', the (1/2)-distant point of v
with w is defined by the point p,,, on the line segment uv such that w(u, py.,) =
min{1/2,w(u,v)}; i.e., pyy = v if w(u,v) < 1/2, and p,, is the point on uw
satisfying w(u, pyy) = 1/2 otherwise.

Let z be a 2-boundary vertex in a rooted tree 1" which has no active 1-
boundary vertices. By definition, the root w; of any branch T; € H*(T.) is
a l-boundary vertex in 7. Therefore, the intersection of any two branches
T;,T; € H*(T.) contains a vertex if and only if they have the same root, i.e.,
u; = uj. We also note that a 1/2-boundary vertex v; € V; 5(T5) is unique since
w(T;) < 1.

The next lemma claims that if |H*(7)| > 3, then an admissible set S can
be found or H*(T,) contains a pair of branches T; and Tj that satisfies a certain
condition.

Lemma 9 Let T be a rooted tree which has no active 1-boundary vertices in
Vi(T). Let z be a 2-boundary vertex in Vao(T') such that there are three subtrees
Ty, T2, Ts € H*(T,), where u; denotes the root of T; (u; € Vi(T) NV (Ty)),
i = 1,2,3. For each i = 1,2,3, let v; be a 1/2-boundary vertex in Vi o(T5).
Then:

(a) For each T; € {T1, T, T3}, there exists a branch T, € H(a;) "NH*(T,) —T;
such that the root w; € V1(T) NV (Ty) of T; satisfies w(u;, ;) < 2 — .
(b) Assume that there is i € {1,2,3} such that w(T,,) > 1/2 holds. If there

exists a minimal subtree S C B(v;) such that w(S) +w(T;) > 1 and

w(S) +w(T;) + wv, 4;) < a, (1)

then S = (V(T}) — {u;}) U (V(S) — {v;}) is admissible. Testing whether
such a subtree exists or not can be done in O(|B(v;)|) time.
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(c) If the condition of (b) does not hold, then there exists {T;, T;} C {Th, T2, T5} (i #
j) such that the tuple (T, z, T;, T}, ui, Uj, Pujv; > Pujo,) Satisfies the following
condition; i = 1 and j = 2 are assumed without loss of generality.

Condition C:

(i) For eachi=1,2,1/2 <w(T;) <1 holds.
(il) 0 := ZPuyv, 2Pusv, < 120°.
(iii) For eachi=1,2, w(z,u;) < 2 — « holds.
)

(iv) For each i = 1,2, if w(T,,) > 1/2 holds, then B; := B(v;) —{B;}
satisfies w(B;) < 2 — «, where B; € B(v;) is the heaviest branch of
Vi.

Proof: (a) We distinguish two cases; (1) u; = z and (2) u; # z.

(1) EVI(T)NV(T,) = {z}, then H(z) = H*(T,) holds, and hence |H*(T,)| > 3
implies that, for 1; = z, there is a branch T; € H*(T.) other than T}, where
w(ug,U;) = w(z,z) = 0. Otherwise, there exists u; € Vi(T) N V(T,) such that
w(z,4;) < 2 — a by Condition B(iii). Then by Condition B(ii), there exists
T; € H(u;) NH*(T.) such that w(u;, ;) = w(z, ;) < 2 — a holds.

(2) By u; # z, we have T; € H*(T.) — H(z). This implies that u; € V;i(T%).
Then by Condition B(ii), we can choose 1; = u; and Ty € H(u;)NVH*(T.) —{Ti},
where w(ug, ;) = w(ug,u;) = 0.

(b) Assume that w(T,,) > 1/2 holds for some i € {1,2,3}. Obviously any
minimal subtree S C B(v;) that satisfies w(S)+w(T;) > 1 and (1)) is admissible.
We show that we can test whether a minimal subtree S C B(v;) satisfying
w(S) +w(T;) > 1 and exists or not in O(|B(v;)|) time. For v; € {v1,va,v3}
satisfying w(T,,) > 1/2, we partition B(v;) into the following two subsets of
branches:

Hi:={Be€Bv)|4-2a<wB)<1/2},

L; = {B S B(’Uz) | w(B) <4- 20{},
where w(B) 4+ w(T}) > (4 —2a) + (a — 1) > 1 holds for every B € H;. We can
test whether w(B) + w(T;) + w(v;, 4;) < o holds or not in O(|H;|) time.

If w(£L;) > 2 — o holds, then we choose a minimal subtree L' C £; satisfying
w(L")+w(T;) > 1. This can be done in O(|£’'|) time. Therefore testing whether
there exists a minimal subtree satisfying w(S) + w(T;) > 1 such that (1)) holds
or not can be done in O(|H;| + |£'|) = O(|B(v;)|) time.

We here show that £’ always satisfies (I)). By the minimality of £’, we have

1<w(l)+wT;) <1+ 4-2a)=5- 20

Note that w(u;,v;) < 1/2 holds because 1 > w(T;) > w(u;,v;) + w(Ty,) >

w(u,v;) + 1/2 holds. By (a), there exists a branch T; € H(w;) N H*(T,) such



362 S. Karakawa, E. Morsy, and H. Nagamochi Minmaz Tree Cover in the
Fuclidean Space

that the root 4; € V1 (T)NV(T,) of T; satisfies w(u;,U;) < 2—a. Then we have

w(L') 4+ w(Ti) 4+ w(vi, 4;) < (5 — 2a) + w(ug, v;) + w(ug, ;)
<(b-20)+1/24+(2—-a)
—15/2 - 3
< .

Therefore £ satisfies ().

(¢) By Lemma |8, we can assume that Zpy, ., 2Duse, < 120° holds (see
Fig. [2|(c)). Then by assumption, (T, z,T1, T2, w1, 42, Puyv, » Puyv,) Satisfies Con-
dition C(i) and C(ii). By wu1,u2 € Vi(T) NV (T,) and Condition B(iii), we have
w(z,u;) < 2 —«, ¢ = 1,2, implying that Condition C(iii) holds. Therefore it
remains to show that the tuple satisfies Condition C(iv) if (b) does not hold.

Suppose that w(T,,) > 1/2 holds for some ¢ € {1,2} and B; is the branch
in B(v;) with the maximum weight. Then |B(v;)| > 2 holds because of the
definition of 1/2-boundary vertices and w(7},,) > 1/2. This implies that B; :=
B(v;) — {B;} # 0 holds, and therefore w(B;) > 0 holds. In addition, we have
w(B;) < 1/2 because B; € B(v;) holds for v; € Vi 5(T;) C Vi 2o(T%).

We show that w(B;) < 2 — a. Assume that w(B;) > 2 — « holds. Then by
the proof of (b) and the assumption, w(£; N B;) < 2 — a must hold. Then we

obtain
2—a<w(B) =wHM;NB;) +w(LiNB;) <w(H;iNBi) +2 —a,

implying that |#; N B;| > 0 holds. 3
By assumption, every B € H; N B; satisfies w(B) + w(T;) > 1 and does not
satisfy . Therefore we have

w(B;) + w(Ty) 4+ w(v, ;) > w(B) + w(T;) + w(v, d;) > a.

Then we obtain

4—a=1414+2—-a)>w() +w(T;) + wlu;, i)
> (w(ui,vi) +w(By) +w(By)) + w(T) + w(us, ;)
)

> w(B;) + w(B;) + w(T;) + w(v;, u;
> w(Bz) + a,

implying that w(B;) < 4 — 2« holds. Therefore B; € £; holds by the definition
of £;. Then by the maximality of B;, w(B) < w(B;) < 4 — 2« holds for all
B € B(v;). This implies that H#; = (), which contradicts |H;NB;| > 0. Therefore
w(B;) < 2 — a holds. O

Let (T, z,T1,Ts, u1, U2, Puyvy » Pusv,) denote a tuple for a 2-boundary ver-
tex z € Vo(T) in a rooted tree T, two branches Ty € B(u1),To € B(usg)
rooted at uj,us € V(T,) (possibly u; = 2, ug = z or u; = ugy), respec-
tively, 1/2-boundary vertices vy € Vi/5(T1),v2 € Vi/2(T2), and (1/2)-distant
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points pu, vy s Pugws, Of v1,v2 With wuy, us, respectively. Assume that such a tu-
ple (T, z, Ty, T, u1, U2, Pujv, s Pusws) Satisfies Condition C. The following proce-
dure, called COMBINE returns an l-admissible set S, where a corresponding
l-admissible tree will be generated by introducing an edge which is not in the
tree T

Procedure COMBINE

Input: A tuple (T, z,T1,Ta, U1, U2, Puyvy s Pusv, ) Satisfying Condition C.
Output: An admissible set S in T.

1 Ifw(Ty,,) <1/2 or w(T,,) < 1/2 holds then

2 Return S := D(v1) U D(v3) (see Fig. [2[ (a))

3 else /* w(Ty,,) > 1/2 and w(T,,) > 1/2 hold */

4 Choose a subset S C B(v1) U B(vg) such that

1 <w(S) < 3 — « holds (see Fig. [2 (b));

Return S := S—{vy,v2}

6 end. /*if */

Ut

(a) (b) (c)

Figure 2: Introducing a shortcut v1vs. (a) w(Ty,) < 1/2 or w(T,,) < 1/2; (b)
w(Tvl) > 1/2 and w(Tvz) > 1/2a (C) V102 < Pujov, V1 +pu1v1pu2v2 +puzv2v2;
Where pulvlpugvz = Zpu1v12 + Zpu2v22 - 2Zp’u,11)1 : Zpugvz COS 9

To show the correctness of COMBINE, we first discuss the following two
lemmas.

Lemma 10 For a tuple (T, z,T1, To, u1, U2, Puy v s Pusw,) Salisfying Condition C,
it holds

U103 < 2(5/2 — @) sin(0/2) + Duy o, U1 + Pugoy Uz-
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Proof: By the definition of (1/2)-distant points pu,,, and py,.,, Condition
C(ii), and the cosine rule, we obtain (see Fig. [2{c))

PurnPuzs. = ZPurvn- + ZPuzvs. — 2ZPuyvr - ZPuzw, COS 0
< (FU1 + WPuyey)? + (Fs + WaPue;)” — 2(ZU1 + WPy er ) (FUz + UaPuse, ) €08
<(5/2—a)*+ (5/2 —a)®* —2(5/2 — a)(5/2 — ) cos O
=4(5/2 — a)?sin?(0/2).

This implies that Do v, Puges < 2(5/2 — ) sin(6/2). By the triangle inequality,
we have

V1V2 S pulvlpu2v2 +pu1vlvl +pugv2'02
< 2(5/2 — @) sin(0/2) + Puyv, U1 + Pugo, V2-

0

Lemma 11 For a tuple (T, z,T1, To, u1, U2, Puy vy » Pusw,) Satisfying Condition C,
the following (i), (ii) and (iii) hold:

(i) For eachi € {1,2} satisfying w(T,,) < 1/2, it holds w(Ty,)+Pu0, s < 1/2.
(ii) For each i € {1,2} satisfying w(Ty,) > 1/2, it holds w(T,,) < 5/2—a and

i
Puv; Vi = 0.

(iti) If w(Ty,) > 1/2 and w(T,,) > 1/2 hold, then there exists a subset S C
B(vi) U B(v2) such that 1 < w(S) < 3 — « holds.

Proof: (i) If w;u; < 1/2 holds, then py,,,,v; = 0 holds by the definition of p,,,,,
implying that the statement is true. Otherwise, by Condition C(i), we have
1> w(Ty) > w(Ty,) + wv;
= w(TUi) + uipu,ivi + puivi Ui
= w(TU) + 1/2 + Dujv; Vi

[

Therefore we obtain w(Ty,) + Du,0,0; < 1/2.
(ii) The former is trivial by Condition C(iv). To prove the latter, we show
that w;v; < 1/2 holds. By Condition C(i), we have

1> w(Ty) > w(Ty,) +ww; > 1/2 + wv;,

implying that w;v; < 1/2.
(iii) By Condition C(iv), we have a partition B(vy) U B(vs) = {B1, B2} U
B; U By. We choose a minimal subset S C B(v1) U B(vg) such that w(S) > 1
holds. Then by w(B;) < 2 — a,w(Bs) < 2 — a and w(B(v1)) + w(B(va)) =
w(Ty,) + w(Ty,) > 1, the minimality of S implies w(S) <1+ (2—a) =3 —a.
(]

Lemma 12 Any set S output by COMBINE is an admissible set.
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Proof: Obviously, w(T) — w(T — S) > 1 holds by vi,va € Vi/o(T) and
Lemma [11[iii). We also see that T'— S remains connected by construction
of S. We claim that Ts := T[S U {v1,v2}] + (v1, v2) satisfies

w(Ts) <3—a+2(5/2 —a)sin(6/2) (£ ).
We distinguish the following three cases.
(i) w(T,,) < 1/2 and w(T,,) < 1/2. By Lemmas [10] and [11] we have
w(Ts) = w(Ty,) + w(Ty,) + 0103
< w(TU1> + w(TU2> + 2(5/2 - a) Sin(9/2) F Puyvr U1 + Pusw, V2
<1/241/242(5/2 — o) sin(0/2)
<3—a+2(5/2—a)sin(f/2).
(ii) min{w(Ty, ), w(Ty,)} < 1/2 < max{w(Ty,), w(T,,)}. We can assume that
w(Ty,) < 1/2 and w(Ty,) > 1/2 without loss of generality. Then by Lemmas
and [11](i)-(ii), we obtain
w(Ts) = w(Ty,) + w(Ty,) + 7775
< w(T'Ul) + w(T'UQ) + 2(5/2 - a) 5111(9/2) F Puyvi U1 + Pugu, U2
<1/2+(5/2—a)+2(5/2 — a) sin(6/2)
=3-—a+2(5/2—a)sin(0/2).
(iii) w(T,,) > 1/2 and w(T,,) > 1/2. Then by Lemmas [10} [L1[ii)-(iii), we have

w(Ts) = w(S) + v1v2
<w(8) +2(5/2 — @) sin(0/2) + Puyo, U1 + Dugog U2
=3—a+2(5/2 - a)sin(6/2).

O

Lemma 13 Let T be a tree rooted at a vertex r with deg(r) = 1 and has no
active 1-boundary vertex. Let S be the admissible family in T computed in
Lemmalj or Lemma . Then, forT' =T —Jges S, if T # 0, w(T") = 0, and
w(T[SU{r}]) >« forall S €S, then SUV(T") is an admissible family in T.

Proof: Assume that 77 # (), w(T”) = 0, and w(T[SU{r}]) > a for all S € S.
Note that 77 # 0 and w(T") = 0 imply that 7" = ({r},0) in the Euclidean
space. Clearly w(T') = 0 < a. We observe that 7" = ({r},0) is obtained
in Lemma [7(i)-(ii) where applied to a subtree T, for a 2-boundary vertex z
incident to r. Note that Lemma [7(i)/(ii) computes a 2-admissible family S =
{S1,52} in T such that S; = V(T1), So = V(T.) — S1, and z € Sy for a
subtree T} with w(Ty) > 2a — 3. This implies that T = T} + T[S2 U {r}]
holds. By assumption on the lemma, w(7T'[S1 U {r}]) > « holds. Therefore,
w(T) = w(Ty) +w(T[SeU{r}]) > 3a—3 > 2 by assumptions on a = 21/3 —3/2.
Thereby [w(T)] > 3, and hence SU{V (T”)} is a 3-admissible family in 7. This
proves the lemma. O

Lemma [I3] completes the proof of Theorem [6]
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6 Proof of Theorem [T

The proof of Theorem [7]is similar to that of Theorem [f]described in the previous
section. Let T be a rooted tree that has no active 1-boundary vertices in V1 (T)).
Then the main difference in the proof of Theorem [7] is the treatment of the
case where |H*(T)| = 3 and |H*(T},)| > 4 for a 2-boundary vertex z in T. We
assume that o := (13 4+ 1/109)/12 throughout this section.

The next Lemma treats the case where |H*(T,)| = 3.

Lemma 14 For z € V5(T) in a rooted tree T, let H*(T.) = {T1, T2, T5}. Let
u; € Vi(T)NV(T.) and v; € Vy5(T;) be the root and 1/2-boundary vertex of Tj,
respectively, it = 1,2,3. Then:

(a) For each T; € {T1,Ts, T3}, there exists a branch T; € H(a;) N H*(T.) such
that the root u; € Vi(T) NV (T,) of T; satisfies w(u;,0;) < 2 — .

(b) For eachv; € {v1,vs,v3}, if w(Ty,) > 1/2 holds and there exists a minimal

subtree S C B(v;) satisfying w(Sg +w(T3) > 1 such that

w(S) + w(f) + (v, @) < 2)
holds, then S := (V(T;) — {1;}) U (V(S) — {vi}) is an admissible. Testing
whether such a subtree exists or not can be done in O(|B(v;)|) time.

(c) If the condition of (b) does not hold, then there exists {T;, T;} C {11, T2, T3} (i #
j) such that the tuple (T, z, T;, Tj, wi, Uj, Pusv; » Pujo;) Satisfies Condition C
and

(V) wi=uj #z orz=1u,; or z=u,.
(vi) 707 < \/1/4+ (5/2 — )2 — (5/2 — @) co8 0 + Dy,0, i + Dy, U; -

Proof: It suffices to show that (v) and (vi) hold.

(v) Since |H*(T)| = 3 holds, |V1(T,)| < 1 by Condition B(ii). In this case, two
of three branches in H*(T},) are rooted at some u € Vi(T') N V(T,) (possibly
u = z) and the other one branch must be rooted at z, as required.

(vi) We assume that u; = z and u; # z without loss of generality by (v).
Similar to the proof of Lemma [I0] we have

PuroPayo,” = ZPuv,- + ZPuyu,” — 2+ ZDusv, - ZPuv, COSH
< WPure, + (FUj + UiPuye;)? = 2UiPur; - (ZUj + UjPase,) c0s 0
<(1/2)2+(5/2-a)* —2-1/2-(5/2 — a) cosf
=1/4+(5/2—a)* - (5/2 — ) cos .

This implies that Dy,v,Pu,0, < V/1/4+ (5/2—a)? — (5/2 — @) cosf. By the
triangle inequality, we obtain

V;Vj < puivipujvj +puivivi +pUjvj Vj
<V1/4+(5/2 —a)? — (5/2 — a) cos O + D 0. 0; + Pujv, U5 -




JGAA, 15(3) 345-371 (2011) 367

O

By Lemmas [1] and as in the proof of Lemma we can show that
any output S of COMBINE is admissible because Ts := T[S U {v;, v; }] + (vi, vj)
satisfies

w(Ts) < (3—a)++/1/4+ (5/2 — )2 — (5/2 — ) cos §

3—a)+1/4+(5/2-a)2+(5/2—a)-1/2

The next lemma treats the case where [H*(T.)| > 4. In this case, obviously
the minimum angle formed by four line segments zv; (i = 1,2,3,4) in R? is no
more than 90°.

Lemma 15 For z € V5(T) in a rooted tree T, let Ty, T5,T3, Ty € H*(T,).
Let u; € V(T.) and v; € Vi5(T;) be the root and 1/2-boundary vertex of T,
respectively, i = 1,2,3,4. Then:

(a) For eachT; € {T1,T3,T3, T4}, there exists a branch T; € H(w)VH*(T.) —
T; such that the root u; € V1(T) NV (T,) of T; satisfies w(u;,0;) < 2 — a.

(b) For each i € {1,2,3,4}, if w(T,,) > 1/2 holds and there exists a minimal
subtree S C B(v;) satisfying w(S) + w(T;) > 1 such that

w(8S) + w(ﬂ) + w(v, ;) < « (3)

holds, then S = (V(T}) — {1;}) U (V(S) — {v;}) is admissible. Testing
whether such a subtree exists or not can be done in O(|B(v;)|) time.

(c) If the condition of (b) does not hold, then there exists {T;,T;} C {T1,T5, T3, Ty} (i #
j) such that the tuple (T, z, T;, Tj, wi, Uj, Pujv; » Pujv;) Satisfies Condition C
with 6 < 90°.

By Lemmas [T1] and [[5 and 6 < 90°, as in the proof of Lemma [I2] we can
show that the output S of COMBINE is admissible because T's := T[SU{v;, v, }|+
(vs,v;) satisfies

w(Ts) < (3—a)+2(5/2 — a)sin(6/2)
<(B—a)+(5/2—a)-V2

< .

Note that the difference in the proofs of Theorem [6] and Theorem [7] is the
treatment of the case where |H*(T,)| = 3 and |H*(T,)| > 4 for a 2-boundary
vertex z in 7. On the other hand, for |[H*(7,)| = 3 and |H*(T.)| > 4, a
1-admissible family is computed such that the remaining tree has a nonzero

weight. Therefore, the proof of the following lemma is the same as that of
Lemma [T3]
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Lemma 16 Let T be a tree rooted at a vertex v with deg(r) = 1 and has no
active 1-boundary vertex. Let S be the admissible family in T computed in this
section. Then, forT' = T—ges S, if T" # 0, w(T') = 0, and w(T[SU{r}]) > a
for all S €S, then SUV(T') is an admissible family in T.

+&

R
N R

+é

N R
R
R
N R

Figure 3: A minimum spanning tree T of a given graph G including ¢ horizontal
line segments each of which has weight 0, ¢ + 1 vertical line segments each of
which has weight /2, and each of the remaining two vertical line segments has
weight a/2 + e, where 0 < o <2, 0<e<1—-0a/2,0 =1—a/2—¢, and
q = max{2, [(3a — 4)/2e1]}. The weight of the tree is ¢ + (¢ + 1)a/2 + (/2 +
) x2=q+a+a/2—(q—2)e<qg+2

7 Concluding Remarks

In this paper, we have studied the balanced tree partitioning problem in the
Euclidean space R?, and have shown that the ratio a of the maximum tree
weight to w(T™*)/k for the weight w(T™) of a minimum spanning tree is at most
1.965 for d > 3 and at most 1.954 for d = 2, by designing polynomial time
algorithms for finding a tree cover that attains such «. To derive these results,
we allowed for trees in a tree cover to use edges not in a minimum spanning
tree T*. We remark that if a tree cover is required to consist of subtrees of T*,
then the best possible « is at least 2. Such an example is shown in Fig. [3} where
each line segment consists of numerous points in R? and edges joining every
two nearest points on it, and the whole set of edges in all line segments gives a
(unique) minimum spanning tree 7* for the set of all points in all line segments.
For ¢ = max{2, [(3a — 4)/2¢]}, it holds w(T*) < g + 2 since it contains g + 3
vertical line segments each of which with weight of at least «/2. For k = q + 2,
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any tree cover 7 which contains only subtrees of T must contains a subtree
T € T with weight of at least . This implies that the ratio w(T') to w(T*)/k
is at least a, which can be chosen as any number close to 2.

It is left open to determine the best possible « for each dimension d > 2. For
d > 2, we see that a cannot be smaller than 1.23 by the example in Fig. a)
which consists of seven points vy,vs,...,v7 in R? and a (unique) minimum
spanning tree T of G is drawn by bold lines. It holds w(T*) < 2 (we see
that T* is minimum because it can be constructed by choosing shortest edges
repeatedly). For k = 2, we show that an optimal tree cover 7 = {T1,T>}
attains max{w(T}),w(T2)} = 1.22. For any tree cover {T,T»}, two of the
vertices vy, v2, and vz must be contained in one of T7 and T5; assume without
loss of generality that vy, ve € V(T4). Then either V(T1) = {v1,v2} or V(T3) =
{v1,v9,v;}, i € {4,5}, since otherwise the weight of T} is larger than 1.22. Note
that, in both cases, a minimum tree spanning vertices in 75 is a subtree of T™*.
Therefore, in the former case, w(77) = 1.14 and w(T») = 1.22, while in the latter
case, w(T2) = 0.94 and a minimum tree spanning vertices in T} has weight 1.22.
Thus, an optimal tree cover attains max{w(71),w(T2)} = 1.22, and the ration
of 1.22 to w(T™*)/2 is at least 1.23. It would be interesting and challenging to
close the gap between the current upper and lower bounds on the ratio a by
developing further insightful geometric arguments over the Euclidean space.

Figure 4: An example for showing a lower bound on the ration in the balanced
tree partitioning problem. (a) Seven points in the Euclidean plane, where a
minimum spanning tree T* of G is drawn by bold lines; (b) An optimal tree
cover for k = 2 is drawn in bold lines.
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